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GENERAL INTRODUCTION 
The correlation between environmental factors, including essential nutrients 
and congenital anomalies has been a focus of increasing interest in the past 
few decades. Systematic research into the influence of nutrition on mamma-
lian prenatal development can be said to have started with the observation 
made by HALE about 1935. Hale observed that the offspring of vitamin A-defi-
cient sows showed various anomalies, which he demonstrated to be non-he-
reditary. Apart from the disturbance of the normal development of a mam-
malian embryo by a vitamin deficiency in the mothers diet, comparable 
effects caused by a deficiency of various so-called trace elements during 
embryogenesis, were reported in the same period. 
Defiency of one of these trace elements, manganese, in the prenatal period 
appeared to induce a large variety of anomalies. The consequences of man-
ganese deficiency vary with the species and with the degree of manganese-
deficiency. However, certain anomalies (specifically skeletal anomalies and 
ataxia) appear to occur in several animal species (FISCHER and KUIJPERS, 1979). 
Among the congenital anomalies, ataxia is worthy of particular study. 
This thesis deals with the possible relationship between an abnormal deve-
lopment of the vestibular apparatus in the offspring of manganese-deficient 
rats and the atactic symptoms, investigated with behavioural, morphological 
and physiological techniques. 
In the first part of this thesis a description is given of the multiple effects 
caused by manganese-deficiency during embryogenesis. In addition, general 
anatomical and physiological aspects of the mammalian labyrinth are descri-
bed and a review is given of the literature of the morphology and physiology 
of the vestibular system of the rat. The second part dealing with our own 
experiments consists of a description of the morphological and physiological 
techniques used for studying the normal and the defective labyrinth of the rat, 
the results obtained and the conclusions drawn from these data. 
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CHAPTER I 
MANGANESE AND MANGANESE-DEFICIENCY 
1. INTRODUCTION 
Manganese is a metal already known at the time of the ancient Roman 
Empire. Its name is believed to be derived from the Greek word μαγγανεία, 
which roughly means 'magic' (COTZIAS, 1958; 1962). Whether this derivation 
is or is not correct it is certainly a meaningful designation in view of the 
diversity of metabolic functions ascribed to this element (UTTER, 1976) and 
the numerous abnormalities to which a manganese-deficient diet can give rise 
(COTZIAS et al., 1972; HURLEY, 1974; UNDERWOOD, 1977; LEACH and LILBURN, 
1978). 
Manganese - isolated by Scheele in the 18th century - is one of the elements 
found in large amounts in the crust of the earth (GOLDSCHMIDT, 1958; PIER, 
1975) and also in all animal and vegetable tissues (wENLOCKand BUSS, 1979). 
Manganese in the free state is not found in nature, except in meteoric iron. 
The fundamental significance of this element for vegetable growth was first 
recognized at the end of the 19th century, when BERTRAND (1897) formulated 
the theory that manganese is an activator of oxidases. Subsequently, an 
overwhelming amount of information on the importance of manganese for 
vegetable life gradually became available (RICHARDS, 1930; MONIER-WILLIAMS, 
1949). 
In spite of the attention focused on this element since Bertrand's formulation, 
it was not until decades later that more data on its physiological significance 
in animal metabolism were published. In 1926 MCHARGUE described experi­
ments in rats indicating the possibility that the presence of small amounts of 
manganese in natural foods was not a matter of pure chance, but that the 
element had an important biological function in the animal organism. There­
after the influence of manganese on growth in animal species has been 
described by several investigators. MCCARRISON (1928) demonstrated that a 
manganese-deficient diet caused goitre in rats. A few years later, a number of 
reports was published (KEMMERER et al., 1931; ORENT and MCCOLLUM, 1931; 
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WADDELL et al., 1931) in which it was demonstrated that manganese is of 
essential importance to the animal organism, KEMMERER et al., (1931) demon-
strated that an exclusive milk diet caused insufficient growth and ovarian 
dysfunction in mice, and that both disorders could be remedied by a diet 
containing manganese. WADDELLCI al., (1931) demonstrated the same symp-
toms in rats, and in the same year ORENT and MCCOLLUM reported that the 
offspring of rats fed a manganese-deficient diet during pregnancy, showed 
debility and failed to survive. 
The death of these animals was explained at that time by maternal shortco-
mings in the care of the young. Newspapers went to town on the discovery of 
a 'mother-love' factor (HURLEY, 1967). DANIELS and EVERSON (1935), however, 
demonstrated that the high mortality was due to a debility present in the 
young, because manganese-deficient mothers were quite capable of rearing 
the offspring of a control group, whereas their own young died. 
During the subsequent period the detailed effects of manganese-deficiency 
on the various parts of the mammalian organism were further analysed. They 
can be divided into two main groups - skeletal abnormalities and behavioural 
abnormalities. 
II. SKELETAL ABNORMALITIES 
WILGUS et al., (1936) suggested that manganese is of essential importance to 
bone development. They established that manganese-deficiency gave rise to 
a disease associated with bone deformities in chickens. This disease is known 
as perosis and is characterized by shortening and thickening of bones and 
slipping of the epiphyseal plate and of the Achilles tendon (COTZIAS, 1962). In 
view of these observations it was initially thought that manganese might play 
a role in calcification proper but this assumption soon proved to be unte-
nable. CASKEY et al., (1939) showed that the bones from manganese-deficient 
chickens showed a significant reduction in the ash content but that the 
calcification was normal as was established from X-ray examination and 
silver nitrate staining. Further evidence was given by PARKER et al., (1955), 
who demonstrated that the incorporation of 45Ca and 32P in chick tibiae was 
not significantly affected by manganese-deficiency. From a histological stu-
dy on the epiphyseal cartilage WOLBACH and HEGSTED (1953) concluded that, in 
manganese-deficient chickens perosis must be attributed to a retardation or 
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suppression of epiphyseal growth changes including matrix formation, cell 
proliferation, growth of cells and maturation. Support for this interference of 
manganese-deficiency with chondrogenesis has been given by the studies 
made by LEACH and MUENSTER (1962) and LEACH (1967). They showed that 
changes in the epiphyseal cartilage in manganese-deficient animals must be 
attributed to a reduction of the mucopolysaccharide content, especially in the 
mucopolysaccharides containing galactosamine. 
Similar effects were found in the mucopolysaccharide content of the orga-
nomatrix of other parts of the bone, but they were most pronounced in the 
epiphyseal cartilage. Comparable observations have been made by TSAI and 
EVERSON (1967) in the offspring of manganese-deficient guinea pigs and by 
HURLEY et al., (1968) in rat fetuses. 
In a further biochemical analysis of the various steps of chondroitin sulfate 
synthesis in chick epipyseal cartilage LEACH and MUENSTER (1962) and LEACH 
and LiLBURN (1978) demonstrated that glycosyltransferases require mangane-
se as a co-factor for optimal activity. 
These enzymes are involved in the transfer of sugar nucleotides to a variety 
of acceptors and are very important in the synthesis of glycoproteins. Fur-
thermore, LEACH et al., (1969) observed that in comparing normal and manga-
nese-deficient tissues, more substrate appeared to be incorporated in the 
deficient tissues, when incubated in the presence of adequate manganese. 
This finding was suggested to be due to the presence of more acceptor sites in 
the deficient tissue, reflecting suboptimum in vivo enzyme activity. 
Carbohydrate analysis of the tissue supported this assumption. In view of the 
importance of glycoproteins in the maintenance of the physical properties of 
supporting tissues, LEACH and LILBURN (1978) concluded that skeletal abnor-
malities in manganese-deficient animals are related to a disturbance of the 
glycoprotein synthesis. These phenomena are specific for manganese-defi-
ciency and have not been found in other perosislike skeletal abnormalities 
(LEACH, 1967). 
in. BEHAVIOURAL ABNORMAUTIES 
In 1943, SHILS and MCCOLLUM pointed out that the offspring of manganese-de-
ficient mothers showed ataxia characterized by: incoordination, disturbed 
sense of equilibrium and retraction (retroflexion) of the head. A few years 
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previously, in 1939, this type of ataxia had first been described in offspring of 
manganese-deficient chickens by NORRIS and CASKEY. In addition, they obser-
ved that this ataxia could not be cured by manganese supplementation after 
birth (CASKEY and NORRIS, 1940; CASKEY et al. , 1944). However , atactic hens 
did produce normal chickens when they were given a normal diet (CASKEY et 
al . , 1944). 
Ataxia has since been described also in the young of other animals fed a 
manganese-deficient diet, e.g. ducks (VAN REEN and PEARSON, 1955), pigs 
(PLUMLEE et al. , 1956), guinea pigs (EVERSON et al . , 1959) and mice (ERWAY et 
al. , 1966; 1970). It is the most conspicuous effect of manganese-deficiency 
during the prenatal period, HURLEY et al. (1958) and HURLEY and EVERSON 
(1959) demonstrated that ataxia in manganese-deficient rats was a congenital 
anomaly, associated with an abnormal development of body-righting reflexes 
and defective swimming. They demonstrated also that ataxia can be preven-
ted by adequate supplies of manganese during the former half of rat pregnan-
cy (HURLEY and EVERSON, 1959; 1963). In other words , the development of 
ataxia is a time-specific prenatal effect. The critical time proved to be the 14th 
day of pregnancy. 
Manganese supplementation to the manganese-deficient pregnant female on 
or prior to that day proved to prevent ataxia in the offspring. Giving manga-
nese to manganese-deficient rats after the 14th day of pregnancy yielded an 
offspring which was indistinguishable from the young of rats fed a mangane-
se-deficient diet throughout pregnancy. These findings indicate that manga-
nese-deficiency in the pregnant rat causes an irreversible congenital defect 
which is fixated after the 14th day and leads to ataxia. 
Manganese-deficiency does not influence the number of young per litter but 
does influence survival, as was established by DANIELS and EVERSON as early 
as 1935. According to HURLEY et al. , (1970) and THERIAULT-BELL and HURLEY 
(1973) this high mortality must be attributed to generalized damage of the cell 
membranes and cellular structures observed in liver, pancreas and kidney in 
manganese-deficient animals. 
FOLLIS (1958) reported that , in rats , it is in Fi that several young show ataxia, 
and that the symptoms occur earlier in each subsequent generation. This 
agrees with the observation made by HURLEY et al . , (1958) that , after conti-
nued breeding with manganese-deficient mothers , the percentage of atactic 
animals increases in subsequent litters produced by the same mother . 
Histological examination of brain, spinal cord, peripheral nerves and skeletal 
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hindleg muscles from a number of atactic animals failed to disclose any 
demonstrable changes (HURLEY et al., 1958). 
The absence of demonstrable changes in nerve and muscle tissue, the conge-
nital character of the ataxia and the abnormal development of righting 
reflexes focused attention on the peripheral vestibular apparatus in manga-
nese-deficient animals. 
A study of the ossification of the bone surrounding the vestibular apparatus 
revealed that this was markedly delayed (HURLEY et al., 1960a; 1960b). 
Further studies of the vestibular apparatus led to the assumption that abnor-
mal development of the inner ear can be held responsible for these atactic 
symptoms (HURLEY and EVERSON, 1959; ASLING et al., 1960; ERWAY et al., 1970; 
HURLEY 1976a). However, some expressions of ataxia, e.g. the tremor some-
times observed, cannot be ascribed to loss of vestibular function. In view of 
this, electroconvulsive experiments were carried out which revealed that, in 
manganese-deficient animals, the stimulus threshold was lowered and the 
response to stimuli increased (HURLEY et al., 1961). 
Later it appeared that these findings were due to a diminished amount of free 
circulating manganese in the organism, and could not be ascribed to an 
irreversible congenital defect such as ataxia (HURLEY et al., 1963). Inner ear 
studies in relation to manganese-deficiency revealed either no abnormalities 
(HILL et al., 1950) or abnormalities of the semicircular canals, consisting of 
abnormal curvatures, deformities of the ampullae and a progressive degene-
ration of the neural epithelium of the canals in the young of manganese-defi-
cient rats (ASLING et al., 1960; HURLEY, 1967). Abnormalities of the semicir-
cular canals (abnormal curvatures and misshapen ampullae) were described 
in about 11% of the manganese-deficient guinea pigs studied by SHRADER and 
EVERSON (1967). 
Absence or malformation of otoconia as a result of intra-uterine manganese-
deficiency was subsequently demonstrated in several animal species, e.g. 
mice (ERWAY et al., 1966; 1970; HURLEY et al., 1968) guinea pigs (SHRADER and 
EVERSON, 1967; SHRADER et al., 1973) and rats (HURLEY, 1968). 
The abovementioned inner ear abnormalities, like the skeletal anomalies 
were ascribed to a defect in mucopolysaccharide synthesis (HURLEY, 1967; 
1976a; LEACH and LILBURN, 1978). The otoliths which form part of the stimu-
lus-perceiving structure proper, consist of numerous calcium carbonate 
crystals (otoconia), and are embedded in a matrix of mucopolysaccharides 
into which the cilia of the sensory cells protrude (Chapter II). 
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It has been suggested that the matrix is formed before calcium salts are 
deposited in it to form otoconia (VEENHOF, 1969). According to HURLEY 
(1976b) manganese-deficiency, therefore, could induce otoconial defects and 
therewith ataxia by interfering with mucopolysaccharide synthesis. 
Experimental evidence for an interference of manganese-deficiency and the 
composition of the matrix has been given by SHRADER et al. (1973). They 
demonstrated that manganese-deficient animals showed a distinctly reduced 
3SS incorporation in de matrix of otolith organs and the cartilaginous capsule 
during development as compared with normal animals. 
However, in this connection it has to be noted that disturbance of the 
glycoprotein synthesis in the bone matrix does not interfere significantly with 
the calcification process (PARKER et al., 1955). 
Another point of interest is the striking similarity between the ataxia caused 
by manganese-deficiency and that associated with genetically determined 
defects as observed in so-called 'pallid' mice. These mice owe their name to 
the gene mutation 'pallid' (LYON, 1953) which, among other things, is charac-
terized by changed pigmentation (pale color), LYON (1951) established here-
ditary absence of otoconia in these animals. Pallid young lacking otoliths 
showed the same developmental abnormalities of matrix and crystal forma-
tion as manganese-deficient animals (SHRADER et al., 1973). 
It has been demonstrated that ataxia (and particularly the swimming disabi-
lity) in the offspring of homozygotic pallid mice can be prevented by giving 
the animals a diet with a very high manganese concentration (2000 ppm) 
during gestation. Moreover, normal otoconia appeared to develop in these 
animals (ERWAY et al., 1966; 1971 ; HURLEY and THERIAULT-BELL, 1974; LIM and 
ERWAY, 1974). These findings suggest an interaction between this genetic 
defect and manganese, even though the mechanism of this interaction is still 
obscure. 
• 
A comparable finding to that in pallid mice was obtained in the 'pastel mink', 
in which a congenital postural defect known as screw-neck, associated with 
swimming disability, could be prevented by the giving of manganese (1000 
ppm) during gestation (ERWAY and MITCHELL, 1973). 
Apart from the abovementioned interaction of genetic factors with mangane-
se metabolism, it was established in mice that the effects of very low dietary 
manganese concentrations differ not only from strain to strain but also from 
one individual to the other within the same litter (HURLEY and THERIAULT-BELL, 
1974; HURLEY, 1976C). These findings are in agreement with observations 
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made on chicken in a t tempts to prevent perosis (GALLUP and NORRIS, 1939). 
The response to dietary manganese-deficiency, therefore, also seems to be 
determined genetically. 
IV. HOMOEOSTASIS 
Little is as yet known about manganese absorption. It has been supposed that 
absorption is virtually constant throughout the length of the small intestine 
(THOMSON et al., 1971). The a m o u n t of manganese required can be influenced 
by dietary substances that interfere with the availability of manganese in the 
digestive tract in particular, or with manganese metabolism in general. It was 
already known many decades ago that providing an overdose of minerals (Ca 
and P) aggravated perosis or could in fact induce it. SCHAIBLE and BANDEMER 
(1942) offered a chemical explanation of this effect of calcium and phospho­
rus: the manganese requirement (in poultry) diminishes as the Ca and Ρ 
contents of the diet increase. In a report on manganese-deficiency in catt le, 
GRASHUIS et al. (1954) noted that high Ca and Ρ concentrat ions in the grazing 
gave rise to a high manganese requirement in yearlings. 
PERLA and SANDBERG (1939) demonstrated a correlation between manganese 
and vitamin Bi (thiamine), which in the form of thiamine pyrophosphate 
(TPP) is a co-enzyme of carboxylase, an important enzyme in the intermedia­
ry carbohydrate metabolism. They established in rats that an overdose of 
vitamin Bi leads to symptoms of manganese-dificiency; and they concluded 
that administration of large doses of vitamin Bi for therapeutic purposes 
requires the availability of sufficient amounts of manganese. 
Detailed studies have also been focused on a possible correlation between 
iron and manganese, WILGUS and PATTON (1939) demonstrated that addition of 
Fe-citrate to the diet caused aggravation of perosis; in 1973, FORTH and 
KUMMEL established reciprocal inhibition of iron and manganese absorption. 
Other substances were also found to interfere with manganese utilization, as 
DAVIS et al. (1962) demonstrated for soya-protein. 
Homoeostas i s seems to be determined, not by the absorption but by the 
excret ion of manganese, with the liver as principal organ: a substantial 
amount of manganese being excreted in bile (BURCH et al., 1975). 
It seems highly likely that the manganese pathway in the organism is fairly 
specific (COTZIAS and GREENOUGH, 1958). It was found that only manganese 
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can accelerate clearance of radioactive manganese from the organism. So far 
there have been no indications that administration of other elements can 
increase the excretion (COTZIAS, 1961; LEACH, 1976). 
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CHAPTER II 
GENERAL ASPECTS OF THE MAMMALIAN LABYRINTH 
I. INTRODUCTION 
Animals are capable of controlling posture and motion in relation to the 
surroundings, by means of the cooperation of various systems. For this 
purpose important information is provided by the visual, audio vestibular and 
somatosensory systems. The vestibular sensory organs situated in the non-
auditory or vestibular labyrinth transduce the forces associated with head 
acceleration and gravity into a neurosignal. Angular and linear accelerations 
are separately monitored by the canal and otolith systems, respectively. 
Somatosensory information includes superficial and deep sensations from 
special sensory units localized in the skin, muscles, tendons and joints. This 
system detects pressure and tension caused by gravity and inertia. The 
central nervous system continuously selects and integrates the message from 
the separate sensory systems. Groups of skeletal (antigravity) and extraocu-
lar muscles are used for position maintenance and visual stabilisation. Vesti-
bulospinal, vestibulo-collic and vestibulo-ocular reflexes are involved in 
these activities. The motor output is controlled by the spinal motor system 
and coordinating centres located in the cerebellum. 
In the context of the present study attention will be focused on the vestibular 
receptor organs. 
After a short description of topography of the semicircular canals and the 
otolith organs a survey of morphology and physiology of these organs will be 
given in this chapter. 
II. TOPOGRAPHY 
The semicircular canals and the otolith organs, constituting the non-auditory 
or vestibular labyrinth are situated in the labyrinthine cavities of the temporal 
bone (Fig. 1). The planes in which the three semicircular canals are located 
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Fig. 1 Schematic drawing of the ear. 
ca: cochlear aquaduct; cd: cochlear duct; em: external meatus; es: endo-
lymphatic sac; Et: Eustachian tube; me: middle ear; vl: vestibular labyrinth. 
Modified after ANSON and DONALDSON (1973). 
Fig. 2a, b Position of semicircular canals and utricle in the skull. 
(a) Lateral view: the dashed lines indicate the angle between the horizontal plane and the plane of 
the horizontal canal. 
(b) View from above: showing the angular relations (dashed lines) of the anterior and posterior 
vertical canals. Modified after BARBER and STOCKWELL (1976). 
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make approximately right angles. In the upright position of the head the 
horizontal canal makes an angle of about 30° with the horizontal plane in 
humans (Fig. 2,a). The posterior canal of one side is located in a plane 
approximately parallel to the anterior canal of the opposite side (Fig. 2,b). 
The anterior and posterior vertical canals of one side fuse at one end into the 
crus commune. The horizontal canal runs separatedly. At one end, at the 
so-called ampulla, the canals are widened (Fig. 3). The otolith organs, the 
saccule and the utricle, are situated in the main bony cavity of the labyrinth, 
the vestibule. 
The various membranous parts of the vestibular labyrinth, filled with endo-
lymph and containing the sensory structures, are all interconnected. The 
semicircular canals communicate with the utricle. The utricle and saccule are 
connected by the utricular and the saccular duct. These two ducts fuse to 
form the endolymphatic duct, which continues to form the endolymphatic 
sac, which ends blind in the subarachnoid space. The ductus reuniens forms 
Fig. 3 Drawing of the vestibular labyrinth. 
a: ampulla; ac: anterior canal; cc: cms commune; cd: 
cochlear duct; he: horizontal canal; pc: posterior ca-
nal, rd: reunion duct; s: saccule; sm' saccular macule, 
u: utricle; urn: utricular macule; usd: utriculosaccular 
duct. Modified after BAST and ANSON (1949). 
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the connection between the vestibular labyrinth and the auditory system. 
The membranous parts of the vestibular labyrinth are separated from the 
bone by a space filled with perilymph. The perilymphatic and subarachnoid 
spaces are interconnected by the cochlear aquaduct. 
In the region of the semicircular canals this space is filled with a meshwork of 
connective tissue. 
III. MORPHOLOGY 
/ . The semicircular canals 
The membranous wall of the semicircular canals consists of a single layer of 
squamous epithelium. In the ampulla a crestlike structure, the crista amu-
pullaris, is situated transversely to the long axis of the canal (Fig. 4). It rests 
Fig. 4 Detailed structure and working principle of a semicircular canal. 
a: ampulla; cr: crista with sensory epithelium and ampullar nerve; cu: 
cupula; u: utricle. 
When the skull is submitted to angular acceleration (thick arrow) the endo-
lymph lags behind and rotates with respect to the canal wall in the reverse 
direction (thin arrow), resulting in a deviation of the cupula (dashed con-
tour). Modified after BACH Y-RITA et al., (1971). 
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Fig. 5 Structure of the otolith organ in transverse section. 
1: otoconia! layer; 2: gelatinous layer; 3: sensory hairs; 4: sensory cells (type I 
and II) and supporting cells in between; 5: efferent (black) and afferent (white) 
nerve findings. Modified after LINDEMAN (1969). 
on the bony wall of the canal and consists of a mound of connective tissue 
covered by ciliated sensory epithelium. The cilia of the sensory epithelium 
protrude into the cupula, a gelatinous structure which obliterates the space 
between the crista and the roof of the ampulla. The epithelial lining of the 
crista ampullaris consists of sensory cells surrounded by supporting cells. 
Two types of sensory cells, designated as type I and type II, can be distin­
guished (Fig. 5) (WERSALL, 1956). These cells are also present in the macular 
epithelium of the otolith organs. Type I cells are flask-shaped and nearly the 
whole cell, except for the apex, is enclosed in a nerve chalice, the terminal 
ending of an afferent nerve fiber of the ampullary nerve, a branch of the 
vestibular nerve. The type Π cells are cylindrical and are innervated by 
bud-shaped nerve endings ('boutons') both from afferent and efferent nerve 
fibers. Endings of efferent nerve fibers on type I cells are only found on the 
basal parts of the nerve chalice (ADES and ENGSTRÖM, 1972). The innervation 
pattern of the hair cells is very complicated. The double innervation of all 
inner ear sensory cells has been described by ENGSTRÖM (1958); both afferent 
and efferent nerve fibers innervate many hair cells, while the synapses reveal 
a large variety of synaptic structures. The primary neurons are bipolar. The 
cell bodies are situated in Scarpa's ganglion. The first synaptic contact is 
made in the vestibular nuclei (LORENTE DE NO, 1933). 
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The sensory cells have a cuticular surface provided with sensory hairs. Each 
cell bears a single eccentrically placed kinocilium containing nine peripheral 
double fibrils and one centrally located pair of fibrils, and about sixty to a 
hundred stereocilia attached to the cuticular plate. The stereocilia display an 
'organpipe' arrangement as shown in Fig. 5 (ENGSTROM et al., 1962; SMITH and 
TANAKA, 1975). In the horizontal canal the kinocilia are situated on the 
utricular side, but in the vertical canals on the canal side. 
At the foot of the slope of the crista the sensory epithelium passes into a layer 
of nonciliated cells with secretory characteristics. This epithelium is possibly 
involved in regulating the composition of the endolymph (DOHLMAN, 1965; 
IURATO, 1967; KIMURA, 1969). 
2. The otolith organs 
The sensory epithelia of the otolith organs constitute the utricular and sac-
cular macules. In higher vertebrates the utricular macule, curved to a various 
extent, lies on the floor of the anterior part of the utricle. Its main orientation 
is in the plane of the horizontal canal, while the anterior part is about 30° 
elevated with reference to the plane of the horizontal canal (WERNER, 1960). 
The saccular macule, of unciform shape, is located on the medial wall of the 
saccule. It is situated in a roughly sagittal plane with a slight lateral tilt (LIM et 
al., 1974). 
As in the cristae ampullares the epithelium of each macule consists of type I 
and type II sensory cells and supporting cells. These cells are innervated by 
fibers of the utricular and saccular nerve (LINDEMAN, 1969). The hairs of the 
sensory cells protrude into the otoconial membrane. The macules can be 
divided into two areas, the pars interna and the pars externa by a curved line 
in the central region of the macule, the striola. The strida is characterized by 
the presence of sensory cells with a larger free surface than in the other parts 
of the macule, while the otoconial membrane also deviates in this area 
(LINDEMAN, 1969). 
The hair cells in the pars interna and the pars externa show an opposite 
morphological polarization (position of the kinocilium), towards the demar-
cation line in the utricular macule and away from it in the saccular macule 
(SPOENDLIN, 1964). 
The otoconial membrane is an extracellular jelly like structure containing in 
its upper part minute crystalline particles, the otoconia. The otoconia are 
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composed of various calcium salts. The main constituent is calcium carbo-
nate in the form of calcite (CARLSTRÖM, 1963). The crystals have a hexagonal 
form with a length varying from 0.1 to 20 - 30 μιη among different mammals. 
In both the saccular and utricular otoconial membrane there are constant 
regional differences with regard to the size of the otoconia, and the thickness 
of the otoconial layer. The smaller otoconia are generally found on the 
uppermost surface and along the periphery of the membrane. The jellylike 
structure consists of fibrous and amorphous elements (LIM, 1973) containing 
glycoproteins as the main constituents (LEACH and LILBURN, 1978). 
IV. PHYSIOLOGY 
]. The semicircular canals 
In his famous experiments with pigeons FLOURENS (1842) observed that tran­
section of any particular semicircular canal resulted in oscillatory head 
movements in the plane of the damaged canal. Fifty years later EWALD (1892) 
found that in the pigeon maximal intensity of head movement responses to 
rotatory stimulation occurred if rotation was performed in the plane of each 
single canal. In a further analysis of these observations Ewald stated that 
more intense head reactions were produced by endolymph displacement in 
ampullopetal direction in the horizontal and in ampullofugal direction in the 
vertical canals. These findings have been formulated as Ewald's first and 
second law, respectively, BREUER (1874) noticed the crucial role of inertia in 
endolymph displacement in stimulating the semicircular canals. This means 
that when a canal is submitted to angular acceleration in its own plane, the 
endolymph lags behind because of its inertial mass and the cupula deviates 
(Fig. 4). 
When constant angular velocity is reached and maintained the difference 
between the velocity of the endolymph and the canal wall gradually disap­
pears as a consequence of friction. Upon sudden deceleration, leading to a 
rapid stop, the endolymph tends to continue its rotatory movement and the 
cupula deviates in the opposite direction until the endolymph movement is 
arrested. 
There are different theories on the moving pattern of the cupula, STEINHAUSEN 
(1933) assumed a swing-door-like movement, while MCLAREN and HILLMAN 
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(1976) suggested that the cupula functions as a watertight elastic diaphragm 
attached to the ampullar wall. 
In both theories bending of the sensory hairs resulting from endolymph 
displacement is hypothetized as the stimulus proper. In 1936 LOWENSTEIN and 
SAND reported the existence of a spontaneous resting activity in the afferent 
neurons of the horizontal semicircular canal. This spontaneous activity 
appeared to increase during utriculopetal deviation, while ultriculofugal de-
viation resulted in a decrease of the firing rate. Opposite reactions were 
established for the vertical canals. These observations, reminiscent of 
Ewald's findings, could further be elucidated with the use of submicroscopi-
cal findings on the orientation of the sensory hairs. 
It appeared that in the horizontal canal the kinocilia are orientated towards 
the utricle, while in the vertical canals the kinocilia are situated on the canal 
side. 
LOWENSTEIN and WERSALL (1959) were able to show that deflection of the 
sensory hairs towards the direction of the kinocilium causes a decrease of the 
membrane potential of the hair cell (depolarization), while deflection in the 
opposite direction results in a hyperpolarization. Depolarization appeared to 
cause an increase of the firing activity of the neurons, while hyperpolariza-
tion leads to decrease of the firing frequency. The primary neurons of the 
ampullary nerves terminate in the vestibular nuclei where the signals are 
transmitted to secondary neurons. The vestibular nuclei are involved in 
vestibulo-cerebellar, vestibulo-ocular, vestíbulo-vestibular and vestibulo-
spinal pathways (GACEK, 1980). 
Angular acceleration to the left in the plane of the horizontal canal results in 
ultriculopetal deviation in the left and in utriculofugal deviation in the right 
canal (Fig. 6,a). This results in an increase in firing rate in the left ampullar 
nerve and a decrease in the right ampullar nerve. Reversed phenomena occur 
on deceleration to the left as with abrupt stop from constant rotation to the 
left (Fig. 6,b). 
Transmission and workup of neurosignals leads to activation of the agonist 
eye muscles, the left muse. rect. med. and the right muse. reet. lat., and to 
relaxation of the antagonist muscles, the left muse. reet. lat. and the right 
muse. rect. med. during acceleration. This produces a slow compensatory 
deviation of both eyes to the right; this is the slow phase of nystagmus to the 
left (Fig. 6,a). 
Nystagmus is a particular type of eye movement, consisting of alternating 
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Fig. 6a, b Diagram of the events occurring with canal stimulation 
R right canal and eye, L. left canal and eye 
(a) Acceleration to the left (large arrow) results in endolymph lag and utnculopetal deviation of 
the cupula in the left and utnculofugal deviation in the right canal (small arrows) This produces a 
nystagmus to the left, the position of the eyes is shown at the termination of the fast phase. 
(b) On deceleration to the left (large arrow) the endolymph initially persists in moving to the left 
(small arrows). Cupular deviation and nystagmus are in opposite directions as m (a) 
slow and fast movements in opposite directions. The slow movements are of 
relatively long and the fast movements of relatively short duration. The slow 
phase of the eye nystagmus is in a direction opposite to the direction of 
rotation and represents an effort to stabilize the retina] images during angular 
movements of the head (PURKINJE, 1820). It is of vestibular origin and is 
actuated by the canal-ocular reflex. The fast phase originates in the frontal 
cortex and functions to reset the eye in the orbit (GAY et al., 1974). The 
nystagmic reactions were first used by BARANY (1907) for developing clinical 
methods to test the function of the canals by inducing endolymph displace-
ment. 
Physiological endolymph displacement in corresponding canals in both laby-
rinths simultaneously is induced by means of a rotating chair. Displacement 
of endolymph in one separate labyrinth is effected by the method of caloric 
stimulation. With this method the endolymph in one of the horizontal canals 
is locally slightly warmed or cooled by injecting water or air of various 
temperatures into the external auditory meatus. This causes a convection 
stream of the endolymph, provided that the horizontal canal is in an earth-
vertical position (ampulla above) and results in cupular deviation. Under 
these conditions a hot stimulus causes cupular deviation in a utriculopetal 
direction, whereas a cold stimulus causes a utriculofugal deviation. 
Apart from nystagmus, such cupular deviations give rise to rotatory sensa-
tions as well as to vestibulo-collic and vestibulo-spinal reflexes. 
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2. The otolith organs 
As early as 1891 BREUER had already recognized the functional analogy of the 
otolith organs with a mass-spring system. This implies that the inertial mass 
of the otolith membrane (of higher density than the surrounding medium in 
which the sensory hairs protrude) would respond with 'sliding movements' 
with respect to the apical membrane of the sensory epithelium to linear 
accelerations in a plane parallel to the macule (Fig. 7). Although during the 
subsequent period other stimulatory mechanisms of the otolith organs have 
been proposed, such as compression (QUIX, 1924) and traction (MAGNUS, 
1924), the present theory starts from the shearing principle as proposed by 
Breuer. 
As in the case of cupular deviation, displacement of the otolith membrane 
results in a depolarization or hyperpolarization depending on the position of 
the kinocilium of the macular sensory cells. This leads to a change in firing 
rate of the primary neurons of the utricular and saccular nerves, afferent to 
the vestibular nuclei. 
Even though the neural connections of the otolith organs are poorly under-
stood (BALOH and HONRUBiA, 1979), it is generally assumed that the otolith 
system has similar connections via the vestibular nuclei as those pointed out 
in section IV. 1. 
Some of the labyrinthine reflexes, such as the compensatory eye deviation 
(VAN DER HOEVE and DE KLEUN, 1917) and the tonic head and body righting 
Fig. 7 Working principle of otolith organ (utricle). 
(a) at rest; (b) in lateral tilt; (c) during horizontal linear acceleration. 
The arrows indicate the gravity (a, b) and the resultant acceleration vector (c). 
During lateral tilt (b) and horizontal acceleration (c) the otolith membrane is 
displaced, which stimulates the sensory cells by deflection of the hairs. 
Modified after CARPENibR (1977). 
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reflexes on lateral tilt are related to static labyrinthine function (MAONUS, 
1924). 
Compensatory eye deviations occur on tilting the head; the eyes change their 
position in the orbits attempting to maintain their normal position in space. 
The type of deviation depends on the anatomical position of the eyes in the 
head. 
In animals with laterally placed eyes, conjugate vertical deviations in oppo-
site directions occur with lateral tilt about a cephalocaudal axis. The eye on 
the side with downward tilt is deviated upward, while at the same time the 
other eye is deviated downward. With this type of head displacement, ani-
mals with frontal eyes show torsional eye displacement (counterrolling). 
With clockwise head rotation in these animals both eyes are rotated in 
counterclockwise direction. Upon pitch rotation about a bitemporal axis, 
compensatory vertical deviation of both eyes occurs in animals with frontal 
eyes and counterrolling in animals with lateral eyes. In the latter case the eye 
deviation is not confined to a simple countertorsion. In the nose up position 
the upper pole of the cornea is displaced forward and downward in both eyes, 
while in the nose down position, these poles are displaced backward and 
upward. 
The tonic eye deviations are permanent in a fixed head position and must be 
distinguished from the dynamic deviatory movements occurring with posi-
tioning, which are more nystagmoid in nature and originate from the canals. 
A similar distinction must be made for the head and body righting reflexes. 
When an animal, placed on a supporting plane, is submitted to rapid lateral 
tilt of the platform, the canal reflexes provide for the rapid reaction of the 
appropriate neck and body muscles, which maintain the head in an upright 
position and prevent the animal from falling. Neck reflexes are also involved 
(MAGNUS, 1924). 
Once a stationary body position is attained on the tilted platform with 
extension of the limbs on the lower side and flexion on the upper side, 
permanent postural reflexes, governed by the otolith organs, maintain this 
position. 
Experimental proof that the otolith organs are involved in the static labyrin-
thine reflexes has been given by DE KLEUN and MAGNUS (1921) and DE KLEUN 
and VERSTEEGH (1933). They used centrifugation in order to remove the 
otoconia from the macular surface in guinea pigs. It appeared that after the 
succesful removal of otoconia the tonic eye deviations and the righting 
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reflexes were absent, while perrotatory reactions such as nystagmus remai-
ned intact. 
According to VERSTEEGH (1927) the sacculus would be predominantly invol-
ved in these static reflexes, because similar observations were made after 
bilateral transection of the saccular nerve in the rabbit. Apart from these 
static reflexes, the otolith organs have been shown to produce also dynamic 
reflexes. 
The so-called liftreaction is probably an otolith reflex. Confusingly, 'Reak-
tionen auf Progressivbewegungen' (MAGNUS, 1924) have been often ascribed 
to canal action, but strictly speaking, this only holds for movements with 
exclusive angular components. There is no doubt that with pure translatory 
acceleration, it is the otolith organ which is in action. 
In the liftreaction this results in a flexion of the limbs and neck during upward 
movement of a horizontal supporting plane, or extension during downward 
movement. 
If there is no supporting plane, downward movement results in spreading of 
the toes of the hindlegs if these are lowermost or extension of the forelegs and 
righting of the head if the animal is hold by the pelvis ('Sprungbereitschaft'). 
This infers that somatosensory cues are important in righting reflexes. If a 
subject is immersed in water, only the gravity-sensing part of the labyrinth, 
apart from the visual system, can provide the necessary information for 
spatial orientation, QUIX (1929) describes the complete disorientation after 
water-immersion in deaf-mutes and in deaf white cats, the latter of which 
according to him lack the saccular function. 
It will be clear that a sense organ which detects gravity by inertial mass 
displacement, will respond to all kinds of linear acceleration, FLEISCH (1922a) 
demonstrated that in the rabbit similar eye deviations as during lateral tilt 
resulted from horizontal linear acceleration. It was shown that the extra-
ocular muscles involved in these maculo-ocular reflexes are reciprocally 
innervated (DUSSER DE BARENNE and DE KLEUN, 1931), but at present the exact 
pathways to the oculomotor neurons are not well established for these 
reflexes (WILSON and MELVILL JONES, 1979). 
A diagrammatic representation of the stimulation of the otolith organs by 
linear accelerations is given in Fig.7. A similar displacement of the otolith 
membrane as produced by the shear component of gravity in lateral tilt 
(Fig.7,b) can be produced by the shear component of the resultant force 
vector accomplished by the combined action of gravity and horizontal linear 
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acceleration in a situation that the macular plane itself is horizontally orien-
tated. There is no way to distinguish the perception of the resultant force 
vector (Fig.7,c) from that of the gravity vector (Fig.7,b) and in both cases the 
direction of the vector is perceived as the subjective vertical. 
Further experimental analysis of the functioning of the otolith organs revea-
led that tonic eye deviations could be evoked with a large variety of techni-
ques for direct mechanical otolith stimulation (ULRICH, 1934-1935; SZENTAGO-
THAI, 1964; MEYER ZUM GOTTESBERGE and PLESTER, 1965). 
FLUUR and MELLSTRöM (1971) evoked coordinated eye deviations in awake 
cats by direct electrical stimulation of the various parts of the utricular and 
saccular macules. Opposite reactions were found by stimulating either the 
pars interna or the pars externa. This fits in with the opposite morphological 
polarization of the hair cells in the macules. 
Selective stimulation of the saccular nerve (SMITH and JOHNSON, 1963) resul-
ted in vertical eye deviations in cats, while stimulation of the utricular nerve 
resulted in horizontal eye deviations to the contralateral side. 
However, similar experiments in cats (SUZUKI et al., 1969) revealed that 
stimulation of the left utricular nerve resulted in counterclockwise rotation of 
both eyes as if the eyes attempted to compensate for a clockwise lateral tilt (to 
the left). The latter observation suggests that during lateral tilt, utricular 
shear in a lateral direction would be the more effective stimulus. 
This agrees with the observation made by ULRICH (1934-1935). He found that 
probing the utricular macule (in the pike) with a calibrated hair was most 
effective in eliciting eye deviations when applied in a lateral direction. 
Additional evidence for this optimal stimulation can be derived from obser-
vations on compensatory eye deviations in unilaterally labyrinthine-defecti-
ve subjects. 
It appeared that the reflex is most clear or only intact with the intact labyrinth 
undermost in lateral tilt (KREJCOVA et al.,1971; NELSON and HOUSE, 1971). 
Similar results were obtained after unilateral selective (?) transection of the 
saccular nerve by VERSTEEGH (1927) and OWADA and SHIIZU (1960). Several 
authors observed with neurophysiological techniques a modulation of the 
spontaneous firing frequencies of vestibular neurons in tilting experiments 
(LEDOUX, 1949:, LOWENSTEIN and ROBERTS, 1949; DUENSING and SCHAE-
FER,1959). 
FERNANDE/ and ooi DBF.RG (1976), bv selectively recording utricular units in 
the vestibular nerve, observed that they were most sensitive to lateral shear. 
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Moreover, they demonstrated for the first time the graviception of the sac-
cule. 
From the results obtained from these and other experiments (LOE et al., 1973) 
it appears that a response in the neurons of the saccular and utricular nerves 
can be found with stimuli in various directions. Therefore, it seems likely to 
assume that the set of all macules might display multidirectional sensitivity 
(FLUUR and MELLSTRÒM,1971). This supposition agrees with the anatomical 
positions, the curved shapes of the macules and the varying morphological 
polarization of the sensory cells in the separate areas of the macules. 
Concerning the methods for measuring otolith function, apart from static tilt 
and pitch methods, various other methods are used. In barbecue rotation the 
subject is rotated with constant speed about an earth-horizontal longitudinal 
body axis. It is assumed that once stationary rotation is attained, the canal 
response is silenced and the compensatory eye movements, which may 
display interrupting saccades, arise from the otoliths (JANEKE et al., 1970; 
FLUUR, 1974). 
Vertical linear oscillation has been applied by MCCABE (1964) to elicit compen-
satory eye movements in man and chinchilla and by MALCOLM and MELVILL 
JONES (1974) to study human perception. With counterrotation (JOHNSON, 
1973) the inertial mass of otoconia together with gravity, gives rise to a 
resultant force vector which is directed outward with reference to the circular 
path of movement and in effect rotates through the otolith organs. 
By stimulating with a parallel swing, the horizontally oscillating linear acce-
leration, gravity and the inertial mass of the otoconia produce a resultant 
force vector acting upon the otoconia, which moves in the excursion plane of 
the swing in the fashion of a pendulum (JONGKEES and GROEN, 1946). For the 
discussion of this test, of the application of weightlessness and of tests for 
studying righting reflexes, the reader is referred to Chapters IV and V. 
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CHAPTER III 
MORPHOLOGY AND PHYSIOLOGY OF THE 
VESTIBULAR STRUCTURES OF THE RAT 
I. INTRODUCTION 
A large variety of animal species have been the subject of previous vestibular 
studies. Although in mammals many studies on the vestibular system have 
been performed on rodents, data on the vestibular system of the rat are 
relatively uncommon. 
Most of these studies are limited to behavioural observations concerning 
posture, gait or nystagmus in normal or defective animals, although recently 
some neurophysiological studies have been published. 
In this chapter a survey of the literature dealing with anatomical and physio-
logical data of the vestibular organs will be given. 
II. ANATOMY 
ƒ. The semicircular canals 
The general architecture of the vestibular labyrinth of the (albino) rat does 
not differ substantially from that reported in other mammalian species. The 
anatomical data are mainly derived from studies made by CUMMINS (1924) and 
TÜRKE WITSCH (1933). 
As in most rodents the membranous semicircular canals are approximately 
circular in cross-section and fill out the bony canal lumen to a great extent, 
only leaving a very small perilymphatic space. 
The position of the canals has been defined by CUMMINS (1924) using a plane 
through the apices of the occipital condyles and the anterior tip of the 
premaxillae as a reference plane. External landmarks for this plane are the tip 
of the nose above the external nares and the ventral margin of the pinnae. It 
appeared that the plane of the horizontal canal inclines (anterior elevation) at 
an angle of 28.4 degrees with the reference plane. 
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The angle with the saggital plane was reported to be perpendicular (CUMMINS, 
1924). In contrast to this latter finding TURKEWITSCH (1933) observed that the 
angle of the horizontal canals with the sagittal plane was less than 90° degrees 
(dorsally). He suggested that the natural position of the head would be such 
that the horizontal canal lies roughly in the earth-horizontal plane. 
Concerning the position of the vertical canals, the angles between the hori-
zontal and vertical canals are not substantially different from 90° (CUMMINS. 
1924; TURKEWITSCH, 1933). For the angle between both vertical canals 
values of 102° (CUMMINS, 1924) and 90° (TURKEWITSCH, 1933) have been repor-
ted. 
While in the majority of mammals the bony posterior and horizontal canals 
are completely separated, in rats the bony arches fuse just above the poste-
rior ampulla. Although the perilymphatic spaces are also coalescent at that 
site, the membranous ducts remain separated. 
The radius of curvature of the anterior vertical canal has been shown to be 
obviously greater than of other canals, CUMMINS (1924) reported 1.3 mm for 
the former and 1.0 mm for the latter canals. 
The data on the cross-section radius of the membranous canals are divergent. 
CUMMINS (1924) reported a value of 0.12-0.13 mm and TURKEWITSCH (1933) 
0.16-0.20 mm. This divergence is probably due to preparation techniques. 
2. The otolith organs 
In CUMMINS' (1924) description the utricle is a slightly curved oblong sac with 
a constricted centre. The long axis of the utricle lies in the plane of the 
horizontal canal. The anterior part is the recessus utriculi harbouring the 
macula utriculi on its latero-ventral wall. It is broadly oval and measures 
about 0.62 mm in length and 0.58 mm in maximum width. The surface of the 
macule conforms to the curvature of the utricular wall. A detailed description 
of the anatomical position of the utricular macule with respect to various 
anatomical planes has been given by GOULD (1926). The saccule has an 
irregular form. It is slightly triangular in cross-sections perpendicular to its 
long axis. The saccular macule is firmly attached to the medial bony wall of 
the saccule, situated in a plane oblique to both the sagittal and coronal plane 
of the skull. Its shape is unciform, the anterior extremity being recurved. The 
surface of the macule is slightly curved. The size is approximately 0.60x0.48 
mm2- The saccular macule with its generally oblique position, for the greatest 
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part faces laterally and posteriorly. Only the dorsal area has considerably 
ventral facing (CUMMINS, 1924). This author also presented a detailed des-
cription of the orientation of the various parts of the saccular macule with 
reference to various anatomical planes. 
III. MICROSCOPICAL ANATOMY 
1. Normal conditions 
Although only scarce data are available on the microscopic structure of the 
vestibular epithelia of the rat there is no reason to suppose that these structu-
res in the rat are fundamentally different from those in other mammalian 
species, except for the so-called accessory otolith membrane. In addition to 
the usual otoconial membrane, the saccule of the rat contains an accessory 
membrane, connecting the otolith membrane to the saccular wall. This 
membrane is supposed to be an anatomical extension of the normal gelati-
nous layer ('primary membrane') and in some cases it also contains otoconia. 
The accessory membrane has been interpreted in terms of an anchoring 
device, which holds the otolith membrane in place and limits its shearing 
motion on the sensory hairs in high accelerations (LIM et al., 1974). 
2. Abnormal conditions 
Morphological observations after unusual stimulus conditions have been 
performed by several authors. GRIFFITH (1920) subjected rats to lifelong 
rotation (60 or 90 RPM) in one direction. As will be described in a later section, 
most animals subsequently exhibited behavioural abnormalities of vestibular 
function. Some of the animals have been examined with histological methods 
by COULD (1926)) in order to see whether morphological correlates of this 
abnormal behaviour could be found. In comparison with the normal rats from 
Cummins' laboratory, no histological abnormalities could be detected in 
examining the dimensions, structure and orientation of various parts of the 
vestibular labyrinth and form, position and condition of the sensory epithelia. 
VINNIKOV et al. (1979) examined the vestibular apparatuses of rats exposed to 
acceleration during take-off and landing as well as a period of weightlessness 
for 20 days aboard the sputnik 'Kosmos-782'. They reported detachment of 
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the cupula from the receptor surface of the crista in the horizontal canal. 
They also reported thinning of the otolith membrane and apposition of this 
membrane to the utricular surface with pressing of the hairs onto the macular 
surface. Such phenomena have been considered to result from acceleration 
impact. Degeneration of type I and type II receptor cells of the utricular and 
saccular macules, as well as deformation of otoconia of both macules have 
been supposed to result from the condition of long-lasting weightlessness. 
In rats exposed to long-lasting hypergravity conditions, the accessory otoco-
nial membrane would appear to be thicker than in controls and contain more 
otoconia (LIM et al., 1974). 
IV. PHYSIOLOGY 
ƒ. Semicircular canals 
1.1. Behavioural observations 
The first reported observation of nystagmus in the rat originates from VIN-
CENT (1912). He wrote 'I have never seen a rat's eye move under normal 
conditions. A very slight nystagmus may be produced by rotation showing 
that there is some power of movement', GOULD (1926) observed a permanent 
disturbance of equilibrium after long-lasting rotation in one direction. The 
animals displayed circular movements, usually in he direction of the prece-
ding rotation. Most surprising and difficult to explain in this report are the 
observations that some of the unrotated progeny of these disequilibrated rats 
exhibited the same disturbance as their parents, even to the third generation. 
Per- and postrotatory nystagmus have been described by GOULD (1926) and 
GRIFFITH (1920). This latter author recorded the duration of the nystagmus 
(observed with the naked eye) after a given period of constant rotation. By 
changing the speed or the number of rotations he observed the phenomenon 
of vestibular habituation. Furthermore, he pointed out that intensity and 
duration of the nystagmus can be influenced by such conditions as rest or 
fatigue of the animal. 
DETLEFSEN (1924) noted a negative correlation between the duration of post-
rotatory nystagmus and age, but it was not established whether this could be 
due to vestibular habituation. 
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1.2. Neurophysiological observations 
cuRTHOYS (1978) reported the results of single-cell recordings from primary 
lateral canal neurons, киво et al. (1974, 1975, 1977), LANNOU et al. (1979) and 
PRECHT and CAziN (1979) studied responses from vestibular nuclei in the albino 
rat, related to sinusoidal horizontal stimulation. The interesting phenomenon 
of postnatal vestibular maturation in the rat was studied with this kind of 
methods by CURTHOYS (1978) and LANNOU et al. (1979). 
киво et al. (19/4) studied hypothalamic responses on stimulation of the 
vestibular nuclei. The responses appeared to be influenced by adrenaline and 
noradrenaline. Intravenous administration of adrenaline caused the amplitu­
de of the response to decrease, while that of noradrenaline led to an increase 
in response amplitude. The author suggested a functional connection be­
tween the vestibular nuclei and the hypothalamus. 
It has been shown by киво et al. (1975) that vestibular neurons in the rat can 
be divided into three groups with respect to the degree of phase lag with 
reference to angular acceleration. 
In general, the phase lag appeared to be smaller at lower frequencies than at 
higher frequencies among the neurons of all groups. There was no significant 
difference noted with respect to phase lag between the neurons with and 
without a response to otolith stimulation (see below). 
2. Otolith organs 
2.1. Behavioural observations 
LASHLEY (1932) described ocular positions and movements in the rat, which 
he interpreted as fixation movements. He wrote that 'When the animal is 
freely exploring or lightly held the eyes are in constant motion.... the bulb is 
occasionally turned until a broad band of conjunctiva appears at the nasal or 
temporal comer of the eye.... the movement of the eyes are never indepen­
dent, but always equal and in opposite directions....'. As will be clear from 
the description of the method to observe tonic eye deviations in the rat 
(Chapter IV) and the results obtained (Chapters V and VI) these observations 
are very suggestive of being related to otolith reflexes instead of ocular 
fixation. 
2.2. Neurophysiological observations 
киво et al. (1975) showed that in the rat 41% of the second order neurons, 
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responsive to rotation in the plane of the horizontal canal, also responded to 
tilt stimulation about a naso-occipital (lateral tilt) or a bitemporal axis (pitch). 
LANNOU et al. (1980), studying the convergence of responses to canal stimula­
tion and linear acceleration on a parallel swing on central vestibular neurons, 
arrived at about 58% in the albino rat. From such studies a high degree of 
canal-otolith convergence can be concluded. The neurons were subdivided 
in different types depending on the character of the response. The response 
to static tilt was characterized by a prolonged change in firing rate which 
persisted throughout the period in which the same position was maintained. 
Concerning the location of the various neurons it appeared that units sensiti­
ve to rotation were diffusely distributed throughout the vestibular nuclei, 
while those responding to tilting were less widely spread and absent in the 
superior vestibular nucleus (киво et al., 1975). 
In the albino rat, the phase relation of central vestibular neurons responding 
to parallel swing stimulation was studied by LANNOU et al. (1980). It appeared 
that the mean phase lag from 0.1 - 0.5 Hz increased by about 90°. 
3. Visual-vestibular interactions 
It is of interest that vestibular neurons of the horizontal canal system respon­
ded in direction-sensitive fashion to constant rotation of a large-field visual 
pattern in the alert brown rat, while similar neurons of the albino rat under the 
same conditions showed vestibular but never optokinetic responses (PRECHT 
and CAZIN, 1979). Optokinetic responses in the brown rat were not affected by 
large lesions of the visual cortex, tectum, cerebellum and the medial longitu­
dinal fasciculus. They were completely abolished, however, in unilateral 
pretectum lesions with temporo-nasal optokinetic stimulation ipsilateral to 
the lesion. This indicates that the pretectum is the first central station. 
Similar effects were obtained by lesions in the nucleus reticularis tegmenti 
pontis suggesting that this area is an important link between pretectum and 
vestibular nuclei (PRECHT et al., 1979). 
киво et al. (1975) reported that optokinetic stimulation of the (albino?) rat 
was not effective in causing a phase shift in responses of vestibular neurons. 
In contrast, such shifts have been described in the albino rat by PRECHT and 
CAZIN (1979), indicating that, apparently, visual-vestibular interaction occurs 
in places other than the vestibular nuclei. 
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4. Lesions of the vestibular system 
The first behavioural studies on rats with a defective vestibular system 
originate from pathological cases due to labyrinthitis (DETLEFSEN, 1924; 
GOULD, 1926) and from intracranial tumour implantation (NYLÉN, 1934). 
Detlefsen and Gould described the classical downward torsion to the defecti-
ve side and an asymmetry of the duration of the postrotatory nystagmus in 
rats with unilateral labyrinthitis. Rotation to the defective side resulted in a 
normal postrotatory reaction, while the reaction after rotation in the opposite 
direction was considerably diminished. 
An important contribution to the knowledge of the behaviour of the rat after 
surgical labyrinthectomy has been given by TANG and wu (1936). They very 
carefully observed the behaviour of albino rats immediately after surgery up 
to one year. Shortly after hemilabyrinthectomy the animals showed spiral 
torsion of the head, neck and trunk to the defective side and also lateral 
flexion of the head to that side. There was an evident asymmetry in the 
postural reaction of the limbs. The legs on the intact side were strongly 
extended and much abducted while those on the operated side were flexed 
and much adducted. The righting reflexes were seriously disturbed. The 
animals rolled over and over along the long body axis towards the defective 
side. This rolling ceased within a few hours, but could be provoked again, 
when the animals were immersed in water. During the first postoperative 
week the animals were unable to run straight ahead. They always turned to 
the operated side, which resulted in circular movements. Concerning the 
position of the eyes, the authors observed a downward deviation of the 
ipsilateral eye, while the contralateral eye was deviated upward. The mag-
nitude of this deviation could be influenced by the normal compensatory 
deviation of the eyes, when the head was held in a lateral position and 
decreased in course of time. 
A spontaneous nystagmus of the eyes was elicited by the operation, usually 
disappearing within 2-4 days. After that time it could be provoked again by 
disturbing stimuli until the second week. Rotation of the animal towards the 
intact side resulted in a lateral flexion of the head to the defective side, while 
rotation in the opposite direction had no or only a slight effect on the position 
of the head. The post-rotatory eye nystagmus was most pronounced after 
rotation towards the operated side. Most remarkable in these experiments 
was the lack of complete compensation in this animal. Although in general 
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there was a decrease in the severity of the reactions during the first postope-
rative period, tonic eye deviations, torsion of the body and asymmetry of 
head and eye reactions on rotational stimuli persisted during an observation 
period of about one year. 'Most impressive, rolling in water appeared to be a 
permanent phenomenon'. 
These findings contrast with those observed in other species including man 
(McCABEandRYu, 1969; FISCH, 1973). In this connection it is interesting to note 
that, according to TANG and wu (1936) the visual system of the albino rat, 
unlike that of the rabbit (MAGNUS, 1924), does not contribute to the restoration 
of bodily posture. 
This conclusion was founded on the observation that covering of the eyes 
never increased the degree of tonus difference between the limbs of both 
sides of the body after unilabyrinthectomy. 
A second study on hemilabyrinthectomized albino rats has been performed 
by LLINAS and WALTON (1977). Although many of their observations are 
reminiscent of those of TANG and wu (1936) there is a large discrepancy in the 
findings on the compensation mechanism. 
Full compensation of deviant vertical eye positions was described two to 
three weeks after unilabyrinthectomy. Even the response of the eyes to 
rotation of the animal was nearly normal at that time. The frailty of this 
compensation was clearly demonstrated by anesthetizing the animal. Under 
these conditions complete decompensation occurred. A significant role of 
the olivo-cerebellar system in vestibular compensation was demonstrated by 
LLINÁS and WALTON (1977). It appeared that after chemical destruction of the 
inferior olivary system with 3-acetylpyridine, vestibular compensation of 
hemilabyrinthectomized rats was prohibited. 
5. Purpose of this study 
An analysis of the literature on manganese-deficiency learns that no unani-
mous opinion exists as to the type of lesions of the vestibular labyrinth 
involved. While the older reports deal with apparent morphological anoma-
lies of the otic capsule, especially in relation to the involvement of the 
semicircular canals, at present most interest is being focused on the lack of 
otoconia in the otolith organs reported in the late sixties. Since studies of 
canal function hitherto have not been performed in manganese-deficient 
animals, it has not been established whether the lesion of the otolith organs, 
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favoured as the cause of 'ataxia', is the only vestibular lesion involved. 
Furthermore, the character of the atactic behaviour has not been sufficiently 
evaluated. The present study was undertaken in an attempt to a further 
analysis of the labyrinthine lesions induced by manganese deficiency and 
their contribution to the atactic behaviour. This investigation was performed 
in the albino rat with both morphological and physiological techniques. 
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CHAPTER IV 
MATERIALS AND METHODS 
I. INTRODUCTION 
In the selection of a test animal, its advantages and disadvantages must be 
carefully weighed. Because manganese deficiency is well-established in the 
laboratory rat, which has a short breeding cycle and a considerable litter size, 
this animal is particularly suited for deficiency studies affecting the offspring. 
Furthermore, since the rat is one of the most widely used laboratory animals 
for biochemical, physiological and pharmacological studies, it is attractive to 
use this animal for experimental studies on the vestibular system. 
In this chapter a description will be given of the large variety of techniques 
used for morphological and physiological studies of the vestibular system in 
normal, labyrinthine-defective and manganese-deficient rats. 
II. DIET AND HOUSING CONDITIONS 
Female Wistar rats were housed from the time of weaning in macrolon cages 
with a perspex cover. Polystyrene foam was used for bedding. This substan­
ce was selected as the bedding material par excellence on account of its low 
manganese content (0.17 ± 0.02 ppm Mn, determined by neutron activation 
analysis; I.R.I., Delft). The animals were fed a manganese-deficient diet 
(Hope Farms, Linschoten), containing less than 5 ppm manganese (periodi­
cally assayed by CIVO-TNO, Zeist). Drinking water (demineralized and 
distilled) was supplied ad libitum from a glass bottle with a glass drinking 
tube. After reaching maturity the animals were mated with normal males and 
the offspring was used for raising a second generation (first litters). 
Ш. MORPHOLOGICAL METHODS 
1. Topography 
For establishing the anatomical position of the semicircular canals in relation 
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to external anatomical landmarks some skulls were cleaned of soft tissues 
and the roof of the skull was removed. 
Thereafter a small hole was drilled from the cranial cavity into the medial wall 
of the anterior vertical canal. With the use of a glass needle (tip diameter 
about 20 μιη), mounted on a microsyringe the whole canal system was 
carefully filled with Indian ink. After dehydration, the skull was cleared by 
storage in methyl benzoate for two days. 
The position and orientation of the various canals was established with 
reference to a plane supporting the tympanic bullae and the molar teeth. This 
plane is approximately coplanar with the basi-occipital plane defined by 
CUMMINS (1924). As pointed out in Chapter III, external anatomical land­
marks for the latter plane are the tip of the nose, just above the external nares 
and the ventral margins of the pinnae. The relevant angles of the canals with 
reference to this horizontal plane as well as their mutual angular relationships 
were measured with a protractor under the dissecting microscope. 
The anatomical dimensions of the canals were obtained with the following 
method. After decapitation the os petrosum was dissected from the skull and 
fixed for about 5 hours in formaldehyde (4%). Thereafter the specimens were 
decalcified in a solution containing sodium formiate (6.8%) and formic acid 
(37%) for 5 days and subsequently rinsed in tap water. The vestibulum was 
opened and the membranous canal system filled with Indian ink as described 
before. With the use of a razor blade tissue slices of about 0.1 - 0.2 mm were 
made in appropriate planes under the dissecting microscope. The slices were 
mounted on microscopical slides and the dimensions were measured with the 
microscope with the aid of a micrometer. 
2. Microscopical techniques 
2.1. Light microscopy 
For light microscopical studies the animals were killed with an intracardial 
injection of Nembutal. Thereafter the temporal bones were quickly dissected 
from the skull, and after removal of the middle ear structures fixed for 18 
hours in phosphate buffered glutaraldehyde solution (2%, pH 7.4). Decalcifi­
cation was performed in EDTA (10%, pH 7.0) for two weeks. After dehydra­
tion in graded alcohols the decalcified specimens were embedded in either 
paraffin or glycol methacrylate (JB-embedding kit, Polysciences). 
Paraffin sections (7 μπί) and glycol methacrylate sections (2 μηι) were stained 
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with hematoxylin-eosin, perjodic acid Schiff, alcian blue, pH 2.7, a combina­
tion of PAS and alcian blue, or toluidin blue (PEARSE, 1972). 
2.2. Electron microscopy 
For obtaining specimens for both transmission and scanning electron micro­
scopical studies, the animals were deeply anaesthetized with Nembutal. The 
middle ear cavity was reached according to the same procedure as used for 
labyrinthectomy (see section IV). The vestibulum was opened and the fixati­
ve (phosphate buffered glutaraldehyde 2%, pH 7.4) was dropped on the 
vestibular structures. Thereafter the animals were decapitated, the part of 
the temporal bone containing the vestibular structures was dissected and 
fixed for two hours at 4° С in the fixation fluid. Because it appeared that 
immersion fixation was sometimes inadequate, especially for the deeper 
parts of the labyrinthine structures resulting in 'bleb' formation, part of the 
rats were fixed by intravenous perfusion with either Kamowsky's fixative 
(4% paraformaldehyde, 5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4) 
or glutaraldehyde 5% in 0.1 M phosphate buffer pH 7.4). For scanning 
electron microscopy the specimens were rinsed in phosphate buffer (0.1 M, 
pH 7.4) for 18 hours, postfixed in 1% buffered osmium tetroxide (pH 7.4) for 
one hour at room temperature, dehydrated in acetone and finally dried by the 
Critical point procedure using liquid carbon dioxide. The dried specimens 
were mounted and examined with a scanning electron microscope (PSEM, 500, 
Philips) after coating with gold. 
For transmission electron microscopy the specimens were treated in the 
same way up to the rinsing procedure as for scanning electron microscopy. 
During the rinsing the membranous structures containing the maculae and 
ampullae, were carefully dissected from the bone. Thereafter these structu­
res were postfixed in 1% osmium tetroxide in phosphate buffer (pH 7.4) for 
one hour, rinsed in buffer and after dehydration in graded alcohols embedded 
in Epon (LUFT, 1961). Ultrathin sections were contrasted with a saturated 
aqueous solution of uranyl acetate (WATSON, 1958) and subsequently with 
lead citrate (REYNOLDS, 1963). They were examined and photographed with a 
Philips EM 300 electron microscope. 
IV. LABYRINTHECTOMY 
In a number of normal rats hemi- or bilabyrinthectomy was performed for 
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comparing their behaviour and electronystagmograms with those of normal 
animals and with the offspring of the manganese-deficient rats. For these 
experiments adult Wistar rats (about 180 g body weight) were anaesthetized 
with Nembutal, administered intraperitoneally (50 mg/kg body weight). The 
operative procedure was carried out with the use of an operating microscope. 
The middle ear was reached by a supra-auricular approach (VAN DEN BROEK 
and KUIJPERS,1967). Meatal skin together with Shrapnell's membrane were 
lifted from the bony annulus and a full view was obtained of the ossicles and 
the oval window. The incus was removed and after coagulating the stapedial 
artery, the stapes was lifted off the oval window niche. The vestibulum was 
further exposed by removing excess of bone from the oval window. There-
after the sensory structures could easily be removed by suction. 
V. PHYSIOLOGICAL METHODS 
1. Behavioural observations related to labyrinthine function 
All animals, normal, manganese-deficient and labyrinthectomized, were 
scrutinized on posture and gait in general and swimming ability in particular. 
The position of the head, body and limbs was observed when the animal was 
lifted by the tail or spontaneously exploring. 
During these observations specific attention was given to the position of the 
head, whether it was tilted or not or showed any lateral flexion. Swimming 
ability was evaluated by placing the animal in lukewarm water in an aqua-
rium. 
Observations were made of the behaviour of the animal when it was placed 
gently into the water and after forcing it under the surface in order to establish 
the ability to resurface. 
In addition, the reaction on disturbing stimuli such as twisting the tail which 
produces torsion of the body around the cephalocaudal axis, was studied. 
With this kind of stimulation behavioural abnormalities can be seen in ani-
mals that may otherwise calmly float on the surface, even though they have 
labyrinthine defects (TANG and wu, 1936). 
Furthermore, because in labyrinthine-defective animals behavioural abnor-
malities can be more clearly observable immediately after disturbed swim-
ming (TANG and wu, 1936), posture and gait were also observed just after the 
removal of the animals from the water. 
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2. Assessment of semicircular canal function 
Vestibular stimulation was always performed in complete darkness. The 
animal was continuously alerted by switching the lights on, now and then, by 
acoustical or tactile stimulation. Between the tests short pauses were inser-
ted with the lights on in order to stabilize the comeo-retinal potential. For 
vestibular stimulation a Tönnies rotatory chair was used. The awake animal 
was placed in a fixation frame, especially designed for vestibular stimulation 
of the unaesthetized animal (FISCHER et al., 1980). The frame was positioned 
Fig. 8 Stimulation of vertical canals resulting in a rotatory nys-
tagmus. 
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on the chair with an anterior declination of about 30° in order to place the 
horizontal canals in the plane of rotation. Apart from this stimulation with the 
rotatory chair, a fast screening procedure for stimulating either the horizontal 
or the vertical canals was used. Therefore, the animal was held by hand by 
the observer with the head in a position optimally stimulating either the 
horizontal or the vertical canals (Fig.8). In the latter position the long body 
axis, with the head aligned to avoid neckreflexes, was about 60° anteriorly 
elevated and about 45° laterally inclined. The observer then rotated with the 
animal, simultaneously looking through an otoscope to the animal's eyes for 
the observation of nystagmic responses. Because of the particular position of 
the eyes relative to the motion pattern of the head, torsional nystagmus is the 
type of response to stimulation of the vertical canals which ensures adequate 
gaze stabilization. 
2.1. Sinusoidal oscillation 
Sinusoidal oscillation with a fixed period of approximately 6.3 (2 π) seconds 
and growing amplitude was obtained by setting the rotation equipment in the 
'velocity pendular mode' with an 'acceleration' of 17sec2. Maximum accele-
rometer readings were recorded for each half-cycle to allow the determina­
tion of the stimulus-response relationship and the acceleration threshold 
(section 2.5.). 
The first and the last test performed was the growing amplitude test to see 
whether response decline occurred. 
In another experiment, 5 animals were submitted to 10 consecutive oscillato­
ry tests, in each of which maximum acceleration was maintained for 1 
minute. Pauses of 2 minutes with alerting conditions and the lights on were 
inserted between the tests. 
2.2. Cupulometry test 
Cupulometry tests were performed with constant velocity rotation (40, 60, 
90, 120, 150 and 1807sec, in that order and altematingly clockwise and 
counterclockwise at each speed), bij applying a subthreshold accel­
eration of 47sec2. After an adequate period of constant rotation, the 
postrotatory response was elicited by suddenly braking the chair's rotation 
with a deceleration pulse of about 200 °/sec2 maximum. For the registration of 
eye movements during oscillatory and velocity step accelerations, stainless 
steel hypodermic needles, situated at the inner and outer canthi of both eyes, 
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Fig. 9 Fixation of the head and position of electrodes. 
were used (Figs. 9, 10). In a first attempt, it appeared that the signal origina-
ting from eye movements was seriously masked by the sinusoidal signals 
which resulted in the monocular leads from spontaneous movements of the 
snout (Fig. 11). 
With the use of a special configuration of leads and amplifiers, shown in 
Fig. 10, the signals originating from conjugated horizontal eye movements 
could be selected. 
A Tönnies nystagmograph amplifier (AC-coupled with 2.5 sec time constant) 
was used with an Elema Mingograph 81 direct ink writing recorder. 
2.3. Coriolis stimulation 
Coriolis stimulation was produced during constant rotation (1440/sec) in a 
rotating room (ΕΝΤ-department, Erasmus University, Rotterdam) with 
abrupt reorientations of the rat's head. 
When e.g. initial rotation took place in a plane optimal for stimulating the 
horizontal canals (nose down 30°), the position of the animal's head was 
suddenly changed for optimal stimulation of one pair of vertical canals (nose 
60° up with 45° tilt of the cephalo-caudal axis to the left or right). Eye 
movements were observed with the otoscope. 
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Fig. 10 Diagram of the position of the 
electrodes and the measuring circuit 
OD right eye, OS left eye 
The double arrows on the snout symbolize 
the respiration movements which cause si-
nusoidal potentials in the first stage ampli-
fier outputs By alternating polarity, these 
potentials are made non-comcidental, while 
the potentials resulting from nystagmus 
(broken lines and arrows) are summated 
2.4. ENG reading 
Electronystagmograms were evaluated on aspects of amplitude and symme-
try. The duration of the postrotatory reaction was measured in the velocity 
step experiment. The number of beats per half-period was counted in oscil-
latory stimulation with growing amplitude. 
2.5. Data analysis 
Data analysis was carried out as follows. The duration of postrotatory 
reactions after various impulses was used to calculate the décrémentai time 
constant and the impulse threshold by the method of cupulometry (VAN 
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F/>. 11 Nystagmus-like potentials caused by respiration movements 
derived from the monocular leads (OD, OS). These apparent move­
ments are eliminated from the coincidence trace (ODS). Time scale in 
sec. 
EGMOND et al., 1948) from a plot of nystagmus duration against the logarithm 
of angular velocity. 
Estimates of the relevant constants were obtained by the method of linear 
regression analysis (FISCHER et al., 1979). The same method was used to 
obtain a least-squares estimate of the sinusoidal acceleration threshold from 
the plot of the number of nystagmus beats per half-period against the loga­
rithm of maximum acceleration per half-period (MONTANDON et al., 1971). 
3. Assessment of otolith function 
3.1. Lateral tilt and pitch 
In the lateral tilt experiment the animal was held in its normal position 
(Fig. 12), 90° tilted to the right or to the left (Fig. 13). 
In the pitch experiment (static position after a certain degree of rotation 
around the bitemporal axis), besides in the normal position, it was held nose 
up and nose down. 
42 
Fig. ¡2 Normal prone position. The right eye is seen from lateral. 
Tonic eye deviations were evaluated by direct examination with an otoscope. 
In the normal prone and lateral tilt positions, the eye positions were observed 
'en profil', i.e. from a lateral position (axis of observation perpendicular to 
the sagittal plane, coincident with the centre of the ocular bulb) in both the 
upper eye (seen from above; Fig.13) and the lower eye (seen from below). 
It appeared impracticable to obtain a precise measurement of the degree of 
lateral tilt compensation. In order to obtain some semiquantitative data, it 
was estimated what parts of the ocular bulb were visible within the eyeslit 
above and below the centre of the pupil respectively. The result was expres-
sed in integral fractions such that e.g. 2/3 means that the upper and lower part 
disclosed a 2 : 3 ratio. Special care was taken to avoid touching of the eyelids, 
by which the width of the eyeslit could be changed. 
Counterrolling of the eyes was observed in the pitch experiment viewing 'en 
face' in a cranio-caudal direction (axis of observation parallel to the basiocci-
pital and sagittal planes, coincident with the centre of the ocular bulb) with 
the animal in the normal prone, nose up (the observer looks from above) and 
nose down (the observer looks from below) position. The impression of 
counterrolling of the eyes gained in this way could only be qualitative. 
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Fig. 13 Lateral tilt experiment; left lateral position. The right eye 
is seen from above. 
On several occasions, an attempt was made to obtain a semiquantitative 
estimate of the degree of ocular countertorsion. Such estimates were hampe-
red by the complex movement of the ocular bulb (the upper pole of the cornea 
is shifted either into a backward and upward or into a downward and forward 
direction; see Chapter II). The angle between the two extreme eye positions 
was roughly estimated by looking through the otoscope from a lateral direc-
tion ('en profil') to a single landmark at the periphery of the iris in the nose up 
and nose down position of the animal. 
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3.2. Parallel swing 
Parallel swing stimulation was done with a specially designed apparatus 
giving a purely horizontal excursion (Fig. 14). Essentially, it consists of a 
horizontally oscillating platform, to which the animal frame can be attached 
in various positions by means of a ball-and-socket joint. With a connecting 
rod eccentrically attached to a flywheel, which is driven by a high-speed 
servo-controlled electromotor, the platform can be propelled with a frequen-
cy varying from 0.05 - 2 Hz and an amplitude varying from 0 - 10 cm. The 
position of the platform was recorded with the use of a position transducer. 
With sinusoidal horizontal acceleration a resultant downward directed acce-
leration vector oscillates around an imaginary axis lying in the plane of the 
platform perpendicular to its linear horizontal path. With reference to its 
imaginary point of origin on this axis, it moves like a pendulum in a vertical 
Fig. 14 Parallel swing. 
A: platform with slide way; B: connecting rod; C: horizontal bush; D: eccentrical shaft on 
flywheel, connected by bearings to vertical bush; E: servo-controlled high-speed electromotor 
and rubber belt; F: vertical shaft, perpendicular to connecting rod; G: low-speed electromotor 
controlling eccentricity of shaft D (which means variable amplitude of platform excursion); H; 
platform position transducer; J: power supply of servomotor E with speed control (which means 
control of frequency of oscillation); K; power switch of motor G with options to increase or 
decrease the eccentricity of shaft D and thereby the amplitude of oscillation. 
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plane parallel to that of the flywheel. This resultant vector acts on any point 
fixed to the platform. Its strength varies between 1 g (centre of excursion; 
zero amplitude of platform) and the square root of 1 g2 plus the maximum 
horizontal acceleration squared (maximum horizontal excursion; turning 
point of platform). Under the same conditions the angle of the resultant 
vector with the vertical varies between zero (degrees) and arc tan (maximum 
horizontal acceleration / 1 g). With about 1 g maximum horizontal accelera-
tion (amplitude 10 cm, frequency about 1.5 Hz), the maximum resultant 
vector size is y'2g and the maximum angle is 45°. 
With a horizontally displaceable mass, such as the otoconia lying over a 
horizontally situated part of the macule, the pertinent vector is the vector 
resulting from inertial effects, which points downward in a direction opposite 
to that of the resultant acceleration vector (JONGKEES and GROEN, 1946). This 
means that at the turning points of the platform, where the resultant tilted 
acceleration vector is maximal and directed 'inward' (to the centre of excur-
sion), the inertial effect vector is directed Outward' (the inertial mass tends 
to continue its horizontal outward directed movement). 
As pointed out in Chapter II there is no way for an acceleration sensing organ 
to distinguish the resultant vector from any kind of acceleration including 
gravity. 
Consequently, a transversally oscillated animal (fixed in prone position on 
the platform) senses an Outward' tilt at the turning points. If oscillated 
longitudinally, it perceives pitch (head over heels), forward at the turning 
point on the head side and backward at the turning point on the tail side. The 
stimulus proper is the horizontal shearing component resulting from 'out-
ward' displacement of the inertial otoconial mass. The quintessence of the 
parallel swing stimulation presumably is that the animal compensates dyna-
mically with its eye position for the perceived dynamic lateral tilt or pitch, 
similar to the static compensation that it displays with static tilt and pitch. 
A similar method as described in section 2.2. was used to record the expected 
conjugate vertical eye movements. The electrodes were situated above and 
below each eye. Appropriate summation of the monocoluar lead signals was 
applied to amplify the potential shifts expected with conjugate vertical eye 
movements (Chapter V). Data analysis of parallel swing responses was 
achieved with the following method. In the vertical leads the snout move-
ments, though less pronounced than in the usual horizontal leads, were often 
coincident in both monocular leads and, in view of the expected conjugate 
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eye movements, they could not be eliminated by a circuit similar to that 
depicted in Fig. 10. Therefore, the signals were recorded on analog tape (Bell 
& Howell Datatape 4020) and subsequently, an attempt was made to elimi­
nate snout movement artifacts by averaging the signals from the various leads 
for a number of stimulus periods by means of an averaging laboratory 
computer (Nuclear Chicago, Model 7100 Data Retrieval Computer) which 
triggered on the position signal of the platform. 
The result of averaging was recorded on Polaroid photographs of the storage 
oscilloscope's screen display. 
3.3. Weightlessness and g-load 
Weightlessness and g-load conditions were produced with a plane (Fokker 
Friendship, Royal Dutch Airforce, Squadron 334, Soesterberg) to attain 
transient zero gravity (for about 8-10 sec maximally) during parabolic flight 
as well as a g-load up to about 2.5 g (for several seconds) during pull up. 
A rotating room (270 cm diameter) was used as a centrifuge at a speed of 
1447sec to provide for a steady resultant acceleration vector of about 0.87 g 
in centrifugal and downward direction with an angle of about 4 Γ with the 
vertical. The same methods for the observation of tonic eye deviations were 
used as in the pitch and tilt experiments. 
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CHAPTER V 
VESTIBULAR MORPHOLOGY AND PHYSIOLOGY 
OF NORMAL AND LABYRINTHINE-DEFECTIVE RATS 
I. INTRODUCTION 
Since the rat, as pointed out in Chapter III, is relatively uncommon as a 
subject of vestibular research, it was necessary to study normal morphology 
and function of the vestibular apparatus. This is a prerequisite for evaluating 
labyrinthine defects. Furthermore circumscribed lesions as uni- and bilaby-
rinthectomy were used to facilitate the evaluation of the character of the 
labyrinthine lesion induced by manganese-deficiency. 
II. ANATOMY 
The anatomical position of the labyrinth in the rat skull and the interrela-
tionship of the various parts of the labyrinth are shown in Figs.15,16. The 
gross anatomy of the rat labyrinth does not differ fundamentally from that of 
other mammalian species (LINDEMAN, 1969) and only minor differences were 
observed. In contrast to most other mammals the bony arches of the poste-
rior vertical canal and the horizontal canal fuse a few mm before entering the 
utricle. The membranous canals remain separated. Furthermore the radius of 
Fig. 15 Drawing of the position of the semicircular canals and the cochlea in the rat skull. 
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Fig. 16 Vestibular labyrinth of the rat; cleared specimen filled 
with Indian ink. 
ac: anterior canal; c: cochlea; he: horizontal canal; ow: oval win­
dow; pc: posterior canal. 
curvature of the anterior vertical canal is greater than that of the other canals. 
The membranous canals, almost circular in transverse section, are situated 
close to the bony wall and only a small perilymphatic space is present. The 
angle between the horizontal canal and the vertical canals appears to be not 
significantly different from 90°. The mean angle between both vertical canals 
is 96° (s.e.m. 1.5, n=5). The mean angle of inclination of the horizontal canal 
with the horizontal plane supporting the tympanic bulla and the molar teeth is 
3 Γ (n = 6; range 26 - 37°). The plane of the horizontal semicircular canal is not 
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Table 1: Dimension of radius of curvature R and cross-section radius r of the 
membranous canals of the rat labyrinth 
R (mm) г(цт) 
η mean s.d. η mean s.d. 
anterior canal 
posterior canal 
horizontal canal 
cms commune 
3 
3 
7 
1.36 
1.03 
1.01 
0.01 
0.02 
0.02 
10 
7 
6 
4 
86 
88 
89 
157 
4 
4 
3 
12 
(l 
Fig. 17a, b Micrographs of the rat labyrinth at two different levels (a, b). 
c: cochlea; ca; crista ampullaris; f: stapes footplate; me: middle ear cavity; s: saccule; sa: 
stapedial artery; scd: duct of semicircular canal; u: utricle; v: vestibulum; arrow: accessory 
otolith membrane (x50, Toluidin blue). 
perpendicular to the midsagittal plane while a lateral (upward) tilt of the 
horizontal canal (approx. 10°, η = 6) can be seen. The dimensions of the 
canals are summarized in Table 1. All canals have about the same cross-sec­
tion radius. The crus commune is wider. 
The position of the sacculus and utriculus in the vestibulum and the rela­
tionship of the utriculus to one of the semicircular canals are illustrated in the 
micrographs of Fig. 17. These micrographs are taken at different levels. They 
demonstrate that after removal of the stapes full access can be obtained to the 
macula sacculi and that the surfaces of both maculae are roughly perpendi­
cular to each other. 
The maculae are composed of ciliated sensory cells, covered by the otolith 
membranes. The otolith membrane consists of two distinct layers: the otoco­
nia! layer and the so-called gelatinous layer (Fig. 18). The otoconia have a 
nearly cylindrical form with facetted ends and vary in size (Fig. 19). Regional 
differences in the thickness of the otoconia! layer and the size of the otoconia 
were observed in both maculae (Fig. 18). The otolith membrane of the saccu-
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Fig. 18а, h Micrograph of macula utriculi showing the macular structures, the regional diffe­
rences in the thickness of the otoconia! layer and the size of the otoconia. 
a: otoconial layer; b: gelatinous layer; c: hairs of sensory cells. (x320, Toluidin blue). 
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Fig. 19a, h SEM of macula sacculi showing otoconial layer survey: 
(a) χ 320, and at higher magnification (b) χ 1250. In the gelatinous layer a dense (d) and a loose (1) 
structural zone can be distinguished, c: cilia of sensory cells. 
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lus contains an irregular appendix coursing from the margin of the macula to 
the membranous saccular wall (Fig. 17,a). In some sections otoconia appea­
red to be present on this appendix. Histochemical studies revealed heavy 
staining of otoconia with carbohydrate staining methods like perjodic acid 
Schiff (PAS) and alcian blue. The gelatinous layer stained more intense with 
alcian blue than with PAS. Undecalcified sections of the otoconia studied with 
the electron microscope, showed areas of different electron densities. The 
darkest area contains a filamentous substance with varying arrangements 
(Fig.20). With the same technique two zones differing in electron density 
could be distinguished in the gelatinous layer (Fig.21). 
Fig. 20 ТЕМ of an undecalcified section of the otoconia. The otoconia consist of dark and light 
areas. The dark area contains a filamentous substance, (x 2500). 
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Fig. 21 ТЕМ of the macula utriculi. This area of the macula is mainly composed of 
the flask-shaped type I hair cells. 
0 : otoliths; D and L: dense and loose zone of gelatinous layer: C: cilia of sensory 
hairs; S: sensory epithelium; N: nuclei of supporting cells, (x 2500) 
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Also with the scanning electron microscope a two-layered structure could be 
observed (Fig.l9,b). The outer layer, bearing the otoconia, is a dense struc-
ture, locally perforated, while the underlying layer, which contacts the 
sensory hairs has a more loose structure. In both layers fibrillar and amor-
phous elements are present. 
The epithelium is essentially similar to that described in other mammals. It 
consists of two types of sensory cells, cylindrical and flask-shaped with 
supporting cells bearing microvilli in between. The sensory hairs contacting 
the otolith membrane have the well-known 'organpipe' arrangement, the 
kinocilium being the longest pipe (Fig.22). There is no uniform distribution of· 
both types of cells as demonstrated in Fig.21, where mainly flask-shaped 
cells are visible. The spherical structures sometimes found on the surface of 
the sensory cells (Fig.22) are presumably artifacts. They are likely identical 
to the 'blebs' occasionally found on the surface of the sensory cells in 
transmission electron micrographs of specimens fixed by immersion fixation 
(Fig.41). 
Fig. 22 SEM of the sensory hairs of the saccular macula showing the organ-pipe arrangement 
of the sensory hairs, the longest being the kinocilium. The spherical structures are presumably 
fixation artifacts, (x 5000) 
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The architecture of the cristae ampullaris is shown in Fig.23. The crista is 
nearly entirely lined with sensory epithelium consisting of the two well-
known types of cells. The sensory hairs extend into the cupula. They are 
longer in the peripheral areas than in the central area of the crista. The 
cupular substance has a comparable affinity for PAS as the gelatinous layer of 
the maculae, but staining with alcian blue is much less intense, except for the 
base of the cupula where locally heavily stained areas are found (Fig.23,a). 
Fig. 23a Crista ampullaris; light micrograph (PAS-Alcian blue, χ 320). 
cu: cupula; с: cilia of sensory cells; s: sensory cells; na: fibres of ampullar nerve; n; nuclei of 
supporting cells. 
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Fig. 23b Crista ampullaris; ТЕМ (χ 900). (See Fig. 23a for 
The non-sensory part of the epithelial lining of the vestibulum consists of 
cells varying in size and cytoplasmic content (Fig.24). The cells with a regular 
contour usually have only a few scattered cytoplasmic inclusions, while the 
cells with many cytoplasmic invaginations contain numerous mitochondria. 
The latter type of cells is assumed to be involved in ionic transport. 
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Fig. 24 ТЕМ of various types of epithelial cells of the utricle. 
S: sensory cells; L: cells with electron-lucent cytoplasm; D: electron-dense cells with numerous 
cytoplasmatic invaginations, (x 1600) 
III. PHYSIOLOGY 
/. Behavioural observations 
Normal rats show perfect swimming performance (Fig.25). When dropped 
into the water an upright position is attained without hesitation and by 
coordinated swimming movements the animal easily reaches the surface and 
the border of the aquarium. The upright position of the head just above the 
surface is easily maintained. When forcibly pushed down, normal rats resur­
face quickly without difficulty. If twisted by the tail the forced spinning 
movement is immediately arrested when the animal is released again. During 
weightlessness normal rats calmly float in the observation cage. 
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Fifí. 25 Swimming behaviour of a normal rat 
2. The semicircular canals 
A typical example of the postrotatory nystagmic response is shown in Fig.26, 
while Fig.29 demonstrates the nystagmus provoked by oscillatory stimula-
tion. In both cases, it is clear that the recording method (Chapter IV) yielded 
satisfactory results. An example of the stimulus-response relationship of the 
postrotatory nystagmus is shown in Fig.27. A second postrotatory phase was 
never observed. From the nystagmus records cupulograms were derived 
(Fig.28,b). In Table 2 the mean threshold and time constants calculated from 
cupulograms in 10 normal animals are presented. The time constant values 
appeared to be in good agreement with the values obtained from the decay of 
slow phase velocity in individual postrotatory reactions, the velocity values 
being obtained from graphical estimates of slope (Fig.27). 
Sinusoidal oscillation with growing amplitude was performed in 6 animals. 
An example of the stabilized response is shown in Fig.29. Ascending thres-
hold estimates were obtained as shown in Fig.28,a. The mean threshold value 
is presented in Table 2. In none of the (5) animals, submitted to repeated 
sinusoidal oscillation tests, a response decline was observed. Apart from the 
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Fig. 26 Postrotary reaction after sudden arrest from 180°/sec constant 
angular rotation. Bottom trace: deceleration while braking the chair's 
rotation (200o/sec2). The first few seconds only an alarm response is seen, 
followed by a nystagmus, which is only clear from the coincidence trace 
(ODS). OD, OS separate signals from right and left eye. Rotation was to 
the right; nystagmus to the left. 
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Fig. 27a, b Collage of postrotatory nystagmus after rotation to the left (a) or rotation to the right (b) with various 
velocities (90, 120, 150 and 180o/sec from top to bottom). Paper speed 1 cm/sec. 
The duration of the reaction is measured from the starting point of exponential decline of deceleration (vertical line) 
to the initiation of the last measurable slow phase. For measuring nystagmus velocity slope tangents were used in 
order to calculate décrémentai time constants as an alternative for cupulometry. 
Table 2: Threshold intensity and décrémentai time constant for the hori-
zontal semicircular canal 
Cupulometry (10 animals) 
mean 
standard deviation 
Oscillation (6 animals) 
mean 
standard deviation 
threshold 
T/sec) 
30.6 
12.0 
threshold 
(7sec2) 
22.5 
14.4 
time constant 
(sec) 
3.7 
1.6 
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(ime (sec) 
4 5 6 7x10' 
acceleration ( d e g / s e c 2 ) 
10 12 15 ΙβχΙΟ1 
impulse (deg/sec 1 
F/g. 28a, /> Example of a plot derived from the sinusoidal oscillation test (a) and a cupulogram (b). 
(a) The threshold acceleration (Tr) is derived from the intercept on the abscissa. 
(b) The cupulogram is derived from the postrotatory reactions partly shown in Fig. 27. The threshold impulse (Tr) is 
derived from the intercept on the logarithmic abscissa (zero duration of reaction). The time constant is presented as 
the ratio of the viscous drag coefficient of the cupula-endolymph system (π) and (Δ), the torque coefficient of this 
system about the centre of the semicircular canal duct, both derived from Steinhausen's mechanical pendulum 
model. (O right, · left beating nystagmus) 
nystagmus beats, compensatory eye movements occurred on oscillatory 
stimulation (Fig.29). The latter type of eye movement was also observed well 
below the nystagmus threshold. 
No difference in nystagmic response was found whether the animal was 
rotated in full light (visual environment stationary relative to the animal) or in 
complete darkness (lack of visual suppression of vestibular nystagmus). 
Apart from the horizontal nystagmic responses to stimulation of the hori­
zontal canals, the torsional nystagmic response to stimulation of the vertical 
canals (the animal in the observer's hand) could be easily observed under the 
otoscope. Both types of nystagmus were also observed during Coriolis 
stimulation. In one case, in which the animal struggled vigorously attempting 
to escape from the observer's hand, clear-cut symptoms of motion sickness 
were observed after termination of Coriolis stimulation: the animal lay flat on 
the bottom of its cage in an atonic and apathie state for several minutes. This 
is reminiscent of the 'sopite syndrom' (FISCHER and OOSTERVELD, 1979). 
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Fig. 29 Nystagmus provoked by oscillatory stimulation. In this part of 
the record, constant amplitude has been reached and the maximal angular 
acceleration is approximately I00o/sec2. 
3. The otolith organs 
3.1. Lateral tilt and pitch 
The tonic vertical eye deviations in lateral tilt positions are depicted in 
Fig.30. The data have been obtained from systematic scoring of the eye 
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Fig. 30 Tonic vertical eye deviations in normal rats in: 
(A) lateral position (upper eye seen from above); (B) normal prone position (eye seen from 
lateral); (C) lateral position (eye seen from below). 
The diagram at the bottom right illustrates the method of estimating the eye position: the ratio of 
the upper and lower visible parts of the ocular bulb is here 1/3. The histograms show the 
percentage of observations (77 animals, both eyes) fitting to a particular ratio as indicated on the 
bottom scale. It appears from the histograms that, relevant to the primary eye position (b) the 
upper eye is deviated in downward direction (a) and the lower eye in upward direction (c). 
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positions in 77 normal animals. By comparing the histograms it is clear, that 
in a lateral position the upper eye is shifted downward (Fig.30,a) and the 
lower eye is shifted upward (Fig.30,c). Counterrolling is clearly shown in the 
pitch experiment (Fig. 31) in the nose up position (Fig. 31,a); the upper pole of 
the cornea (see pupil) is shifted forward and downward. In the nose down 
position (Fig.31,b) the corneal pole is shifted upward and backward and the 
conjunctiva appears at the inner canthus. These deviations are accompanied 
by a torsional eye deviation. Gross estimation of ocular torsion when shifting 
from the nose up to the nose down position of the animal gave values of 20 -
40°. 
m 
Fig. Sìa, b Counterrolling of the eye in pitch in the normal rat. 
(a) Nose up position: the position of the pupil is shifted forward and downward. 
(b) Nose down position: the position of the pupil is shifted backward and upward and the 
conjunctiva is visible at the inner canthus. 
3.2. Parallel swing 
The effect of sinusoidally modulated linear acceleration of the rat on the 
parallel swing is exemplified in Fig.32,a. This kind of sinusoidal responses 
could easily be obtained with stimuli of various frequencies and amplitudes. 
In order to establish whether these signals were of labyrinthine origin, a 
variety of control experiments was carried out. It appeared that problems 
initially encountered with cable artifacts (sinusoidal signal caused by swin-
ging cable) could be coped with by the choice of a suitable (microphon) cable. 
Surprisingly, the usual sinusoidal responses could also be obtained from 
bilabyrinthectomized animals and from animals lacking otoliths. Conclusive 
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evidence that the signals did not originate from the labyrinth was their 
persistence after killing the animals with an overdose of Nembutal (Fig.32,b). 
To elucidate the nature of these signals, some additional experiments were 
performed. 
Fig. 32a, b Sinusoidal response obtained from parallel swing stimulation of (a) normal animal, 
(b) animal, 20 minutes after killing with an overdose of Nembutal. Transverse prone position 
with vertical leads Frequency about 1 Hz, amplitude 10 cm 
Upper trace· position of platform, Lower trace: response. 
Electrode configuration was such that vertical eye deviations in opposite directions in both eyes 
would be summated (upward deflection· OS upward; OD downward). 
The amplitude of the signal appeared to depend on the degree of restraint of 
the animal. With tight restraint only a faint signal was seen, whereas release 
of restraint always resulted in a, sometimes dramatic, increase of the sinusoi-
dal response. Sinusoidal responses were also obtained when the body of an 
animal on the platform at rest, was deliberately moved rhythmically by hand. 
Similar observations were made when the electrodes were inserted in a part 
of the skin remote from the eyes. In this case the amplitude was related to the 
distance between the electrodes. These results provide evidence that the 
sinusoidal signals are caused by displacement potentials. Further support for 
this possibility is given by the following observations: 
the signals also appear in both the horizontal and vertical leads if the animal 
is in the longitudinal prone position, where for physiological reasons only 
torsional eye movements can be expected (see Chapter IV); 
the signals derived from the separate eyes (usual electrode positions) with 
the animal in transverse position may be either in phase (Fig.33,a) or in 
counterphase (Fig.33,b) with respect to each other and this seems to be 
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Fig 33a, b Averaged parallel swing responses from two different rats Same stimulus condi-
tions as in Fig 32 
Traces from top to bottom position of platform, vertical lead of right eye (upward deflection 
with upward movement), vertical lead of left eye (upward deflection with downward move-
ment), summation of monocular leads In (a) the signals from the monocular leads are in phase 
and in (b) they are in counterphase 
determined by chance alone, as it appeared from a considerable number of 
experiments in different animals; 
phase reversal is consistently obtained by changing the position of the 
animal in transverse (prone) position by 180° about a dorsoventral axis, but 
not so by changing its position from prone to supine or vice versa (180° about 
bitemporal axis). This indicates that the signals primarily arise from the linear 
acceleration of the electrodes. 
The question remained whether eye movements occurred at all with parallel 
swing stimulation. To this end a method of direct observation was chosen. 
The observer was seated on a chair at a table on the platform of a human 
parallel swing. On the table an operating microscope was mounted with the 
animal in the fixation frame. While the whole set-up was being swung (the rat 
in transverse prone position) the rat's eye could be conveniently observed. 
Systematic vertical eye deviations were seen under the microscope. The 
angle of maximum eye displacement was hardly over 1 -2 degrees. For the 
sake of comparison, the method of direct observation was also attempted in 
the rabbit. It appeared that in this animal no eye movement at all could be 
observed with parallel swing stimulation, while clear vertical eye deviations 
in lateral tilt positions and clear nystagmus in rotatory movements were seen. 
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3.3. Weightlessness and g-load 
The tonic vertical eye deviations were observed in a fixed lateral position 
which was attained prior to the onset of weightlessness. From the onset of 
zero gravity, it was seen that the eyes returned to the primary position, which 
is normally attained in the prone position under earth-gravity conditions. It 
lasted some seconds before this eye movement had terminated and the 
impression was gained that the return movement had an exponential course. 
During g-load (pull up of aircraft or exposure to centrifugal effects in a 
rotating room) the tonic eye deviations were clearly exaggerated: in the 
lateral tilt position, for example, the pupil disappeared under the eyelid. No 
response at all was seen in bilabyrinthectomized animals. 
4. Labyrinthectomy 
4.1. Hemilabyrinthectomy 
In 5 animals labyrinthectomy was performed on the left side. At the first 
observation, after a few days, all animals displayed head tilt to the left. The 
classical picture of flexion of the limbs on the defective side and extension of 
Fig. 34 Swimming behaviour of a rat with unilateral labyrinthectomy on the left side, showing 
spinning movement to the left. 
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the limbs on the intact side was clearly shown (cf. Chapter III). The gait was 
generally normal, although immediately after the swimming test, rolling or 
circling to the left was sometimes observed. 
Swimming behaviour was disturbed in the majority of the cases: listing, 
circling, spiralling and spinning (Fig.34) to the defective side were seen. In 
some animals a purely horizontal nystagmus was seen on first observation, 
together with a concordant positional nystagmus. 
The canal responses initially showed preponderance for nystagmus to the 
right. Restoration of symmetry took place within a remarkably short time in 4 
cases (within 3 days), whereas in one animal (no.3) asymmetry was perma-
nent. 
Fig.35 shows the permanent vertical eye deviations (in the normal prone 
position of the animal) after left labyrinthectomy. The right (contralateral) 
eye was maximally deviated upward (Fig.35,a) and the left (ipsilateral) eye 
was slightly deviated downward. In lateral tilt positions the right eye main-
tained its peculiar upward position, whereas the left eye responded in a 
virtually normal way. 
Fig. 35a, b Tonic vertical deviation of both eyes in normal prone position after left labyrin-
thectomy. 
The right eye (a) shows maximum upward deflection. The left eye (b) is slightly deviated 
downward. 
Counterrolling was observed in both eyes and was virtually normal, although 
sometimes the impression was gained that the extent was more limited 
compared with normal animals. 
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4.2. Bilabyrinthectomy 
In 4 cases bilateral labyrinthectomy was carried out. Swimming was always 
defective (Fig.36). Spiralling, spinning, backcircling underwater or surface 
circling was observed. Canal responses were completely lacking and there 
was no evidence of any tonic eye deviation. 
Occasionally, an abnormal sleeping attitude was observed: the hindlegs 
normally standing on the floor, the body curled up with the head upside down 
nestled against the floor, the snout touching the belly and both pinnae 
touching the floor. 
Fig. 36 Defective swimming behaviour in bilabyrinthecomized rat, showing head retraction 
with backcircling. 
4.3. Case reports 
CASE-i. Left labyrinthectomy (follow-up: 2 days, 10 days, 1, 3 and 6 months) 
Head: tilted to the left; Gait: normal 
Swimming: slightly listing to the left after 2 days and after 1 month; otherwise normal (3 and 6 
months) 
Canal responses: strong preponderance to the right after 2 days; restoration of symmetrical 
responses already at 10 days 
Vertical eye deviations: OD (right eye) absent; OS (left eye) normal response 
Counterrolling: present in both eyes. 
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CASE 2 Left Idbynnthectomy (follow-up 2 days, 10 days, 1, 3 and 6 months) 
Head tilted to the left, Gait normal 
Swimming spinning, spiralling or circling to the left underwater, also circling at the surface, 
afterwards circling to the left on the floor 
Canal responses strongly suppressed, evidence of restoration of symmetry already at 10 days 
Vertical eye déviations OD absent, OS normal response 
Counterrolling present in both eyes 
CASE 3 Left labynnthectomy (follow-up 2 days, 10 days, I, 3 and 6 months) 
Head tilted to the left, Gait normal 
Swimming listing to the left, short spinning or spiralling to the left if twisted by the tail to the left 
otherwise reasonable swimming ability, afterwards sometimes circling to the left on the floor 
Canal responses permanent (incomplete) preponderance to the right 
Vertical eye deviations OD absent, OS normal response 
Counterrolling present in both eyes 
CASE^ » Left labynnthectomy (follow-up 2 days, 10 days, 1, 3 and 6 months) 
Head tilted to the left, Gait normal 
swimming circling, spinning and spiralling to the left underwater, also surface circling to the left, 
afterwards circling to the left on the floor 
Canal responses strongly suppressed, except for the test after 10 days, which furthermore 
showed almost symmetrical responses 
Vertical eye deviations OD absent, OS normal response 
Counterrolling present in both eyes 
CASE 5 Left labynnthectomy (follow-up 2 days, 10 days, 1, 3 and 6 months) 
Head tilted to the left, Gait normal 
Swimming almost normal after 3 days, listing to the left after 10 days, spinning, spiralling 
underwater and surface circling to the left on the left side after 1 month, spinning to the left after 3 
and 6 months, afterwards circling on the floor to the left (after 6 months) 
Canal responses almost symmetrical after 3 days 
Vertical eye deviations OD absent, OS normal response 
Counterrolling present in both eyes 
CASE 6 Bilateral labynnthectomy (observation after 2 days) 
Head tilted to the right, Gait circling to the right 
Swimming circling and spiralling underwater and at the surface, to the nght 
Canal responses absent No further information available 
CASE 7 Bilateral labynnthectomy (observation after 3 days) 
Defective swimming complete disorientation 
Canal responses vertical eye deviations and counterrolling absent 
CASE 8 Bilateral labynnthectomy (observation after 3 days) 
Defective sw immmg complete disonentation 
Canal responses, vertical eye deviations and counterrolling absent 
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САЬЬ 9 Bilateral labyrinthectomy (observation after 3 days) 
Defective smmmmg complete disorientation 
Canal responses, \eituat e\e tienations and lotinterrollmg absent. 
IV. DISCUSSION 
In general, it can be stated from the observations with light and electronmi-
croscopical techniques, that the various components of the vestibular laby­
rinth of the rat are very similar to those described in other mammalian species 
(WILSON and MELVILL JONES, 1979). The observed appendix of the saccular 
otolith membrane is likely equivalent to the so-called accessory membrane 
(LiMetal., 1974). 
The present study shows that the horizontal canal in the white rat inclines at a 
mean angle of 31° (range 26 - 37°) to the horizontal plane supporting the 
tympanic bullae and the molar teeth. This corresponds with the observations 
made by CUMMINS (1924), who reported a mean angle of inclination of 28.4° 
(range 23 - 35° in 6 canals) with the plane of the basioccipital bone, the latter 
being approximately coplanar with the horizontal plane defined before. How­
ever, in contrast to the observations made by CUMMINS (1924), a lateral 
(upward) tilt of the horizontal canal of about 10° was observed. This inclina­
tion has no consequence for the determination of the threshold, because the 
effective stimulus for the pair of the horizontal canals is not less than 0.98 of 
the stimulus applied (cosine 10). 
In the repeated oscillation experiment no response decline was observed. 
This agrees with the observations in humans (GREINER et al., 1970) that 
response decline never occurs in normal subjects, when pendular stimulation 
is applied. The absence of response decline has also been found in the cat 
(CRAMER et al., 1963) with limited amplitude oscillation. Similar findings have 
been reported for the rabbit with both prolonged low amplitude stimulation 
(KLEINSCHMIDT and COLLEWIJN, 1975; ITO et al., 1979) and repeated high am­
plitude stimulation (MOSER, 1978). 
A remarkable finding was the lack of any difference in canal response with 
regard to the various illumination conditions. This agrees with the observa­
tions made by EVI ATAR and GOODHILL (1968) in rabbits, but it contrasts with the 
finding of MOWRER (1935) that postrotatory head nystagmus in pigeons in full 
light is reduced in comparison with complete darkness. The lack of visual 
suppression might be related to the observed lack of optokinetic reactions in 
the albino rat (FISCHER et al., 1979; PRECHT and CAZIN, 1979). 
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With respect to the dimensions in which threshold values for the canal system 
are expressed, an old controversy exists. Threshold acceleration values are 
often reported, although it has been repeatedly emphasized that the latency 
period of reaction is pertinent. Reproducible threshold values can be obtai­
ned by applying the 'Mulder product', being the product of latency period 
and acceleration, because of the integrating properties of the cupula-endo-
lymph system. This system is believed to act as a velocity transducer in the 
frequency range of natural head movements (VAN EGMOND et al., 1949; GROEN, 
1956-57). From this theory it can be deduced that, in the case of sinusoidal 
stimulation, the threshold is equivalent to the threshold obtained by cupulo-
metry and should be specified in velocity dimensions. In the present study 
(stimulus period 2 π) the threshold velocity is obtained by the change of 
dimension 7sec 2 into 7sec in Table 2. The threshold of oscillation (22.5 ± 
14.4 in 6 animals) does not differ significantly from the threshold obtained by 
cupulometry in the same animals (30.7 ± 15.6). 
The observed compensatory eye movements occurring even at stimulus 
intensities below the nystagmus threshold have also been reported by MOSER 
(1978). According to BAARSMA and COLLEWIJN (1974) using a very sensitive 
method with the Robinson scleral induction coil, no genuine threshold ap­
pears to exist for these compensatory eye movements. Therefore, it must be 
kept in mind, that vestibulo-ocular reflexes are apparently at work under the 
nystagmus threshold, though this largely escapes our attention when using 
electrony stagmography. 
The short duration of postrotatory nystagmus is consistent with the observa­
tions reported by GRIFFITH (1920), while the value of the long time constant 
obtained in the awake rat (3.7 ± 1.6) appears to be not significantly different 
from the value found by CURTHOYS (1978) in adult anaesthetized rats by 
single-cell recording of primary horizontal canal neurons. However, it is a 
rather low value in comparison with the time constants measured in other 
species (VAN EGMOND et al., 1949; FERNANDEZ and GOLDBERG, 1971 ; HONRUBIA et 
al., 1971) but it fits in the assumption made by JONES and SPELLS (1963) 
regarding the matching of the semicircular canals to the dynamic require­
ments of various species. In the case of small mammals with relatively quick 
natural head movements this implies the disposal of a highly damped semicir­
cular canal system. The impulse threshold (30.6 ± 12.0), however, seems 
fairly high, in comparison with the values reported in other species, where 
values between 2 and 117sec have been found (VAN EGMOND et al., 1949; 
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GROEN, 1965; CASTON and GRIBENSKI, 1966). One can only speculate about the 
reason for this apparently low sensitivity of the Wistar rat . A possible 
explanation might be the albinism, which for example in the cat has been 
suggested to be associated with vestibular malfunction (WALDORF et al . , 1977). 
The inconsistent reactions reported by these authors were not observed in 
the present s tudy. 
The absence of tonic eye deviations in lateral tilt and pitch positions after 
bilateral labyrinthectomy is the classical evidence that tonic eye deviations 
originate from the labyrinth (VAN DER HOEVE and DE KLEUN, 1917). The present 
observation that tonic eye deviations disappear during weightlessness forms 
a direct evidence that these deviations arise from the gravity (or acceleration) 
sensing part of the labyrinth, i.e. the otolith organs (MILLER et al. , 1966). The 
exaggeration of eye deviations observed during g-load (pull-up of aircraft or 
constant eccentric rotation in centrifuge) is another manifestation of the 
specific action of linear accelerations on the otolith organs. The same obser-
vation has been done during centrifugation of rabbits (LORENTE DE NO, 1931). 
The tonic eye deviations observed in static lateral tilt or pitch positions 
qualitatively agree with the results reported by VAN DER HOEVE and DE KLEUN 
(1917) and FLEISCH (1922,b). However , the gross estimate of 20 - 40° of ocular 
countertorsion between the nose up and the nose down position is conside-
rably lower than the value of 90 - 100° reported for the rabbit by VAN DER 
HOEVE and DE KLEUN (1917). In lateral tilt posit ions, FLEISCH (1922b) arrived at 
a maximum vertical eye displacement of about 25 - 35° from the primary eye 
position in the rabbit. Even though we did not measure exactly the angle of 
vertical eye deviations in the rat, the maximum amplitudes seen in this animal 
are felt to be of the same magnitude. 
Interesting aspects of het dynamics of otolith reflexes on the eyes could be 
studied under the condition of weightlessness. The acceleration step of 1 g 
applied (onset of weightlessness during push over of plane) is comparable 
with the acceleration step applied to rabbits during linear acceleration on a 
cart by FLEISCH ( 1922b) and BAARSMA and COLLEWUN ( 1975b). After the onset of 
weightlessness, the eyes turned rather slowly (in 'exponential ' fashion) from 
a preattained vertically shifted position back to the primary position. This 
seems in accordance with the results obtained by Fleisch and Baarsma and 
Collewijn. The sluggish nature of the maculo-ocular reflexes has been corro-
borated by the results obtained in the rabbit with parallel swing stimulation 
(BAARSMA and COLLEWIJN, 1975b). These authors state that during this type of 
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dynamic otolith stimulation at a, for this system, relatively high frequency 
(usually about 0.3 Hz), the slowly reacting otolith organs display low gain and 
considerable phase lag. According to their precise measurements with the 
Robinson coil method, the gain was about 0.1 at about 0.3 Hz. This gain will 
lead to ocular movements with peak-to-peak amplitude of about 1.7° at a 
swing amplitude of 30 cm. This fits in with the microscopically observed 
small eye movements in the rat under similar conditions. Additional support 
for the sluggish nature of the otolith reflexes in the rat can be derived from the 
recent observations by LANNOU et al. (1980) that the response of central 
vestibular neurons to parallel swing stimulation increases in phase lag with 
the frequency of stimulation. If the gain of the otolith-ocular reflex of the rat 
would be also about 0.01 at 1 Hz, as found in the rabbit (BAARSMA and 
coLLEWUN, 1975b), the expected angle of eye displacement with the maxi-
mum angle of resultant vector (45°, see Chapter IV) will be about 0.45°. This 
value is beyond the limit of sensitivity of conventional electro-oculography. 
The method of electro-oculography used in the present study suffered from 
arteficial potentials induced by the linear acceleration of the platform. Even 
with averaging of the periodic signals, the physiological response of the eyes 
(visible under the microscope) could not be detected, since the masking 
arteficial signal was also triggered by the stimulus. 
It must be noted that the eye movements observed by JONGKEES and GROEN 
(1946) in the rabbit during parallel swing stimulation, could not be confirmed 
in the present study. A possible explanation for the lack of any response in 
the rabbit may be derived from the observation that this animal is capable of 
suppressing the maculo-ocular reflex in the presence of a light spot (FLEISCH, 
1922b). 
The observed lack of visual suppression of the maculo-ocular reflexes in the 
rat may be related to the albinism, as has been discussed before in connection 
with the lack of visual suppression of canal responses. 
The study of unilaterally labyrinthectomized albino rats yielded interesting 
results with respect to tonic eye deviations and vestibular compensation. The 
observed persistence of ocular counterrolling after hemilabyrinthectomy 
supports the conclusion reached by VAN DER HOEVE and DE KLEUN ( 1917) for the 
rabbit, that counterrolling in each eye is governed by both labyrinths and that 
both labyrinths bring about deviations in the same direction. With regard to 
the vertical eye deviations, the present study shows that unilateral labyrinth-
ectomy results in tonic upward deviation of the contralateral eye and down-
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ward deviation of the ipsilateral eye . This agrees with the results obtained by 
others in the rat ( P A N G and wu, 1936; LLINAS and WALTON, 1977) and supports 
the conclusion that the remaining labyrinth brings about vertical eye devia-
tions in opposite directions in both eyes (VAN DER HOEVE and DE KLEUN , 1917). 
A remarkable finding in this study was the maximum upward deviation of the 
contralateral eye , rendering this eye unresponsive to lateral tilt. This indica-
tes that in the albino rat the strongest effect of one labyrinth at a time seems to 
be exerted on the ipsilateral eye . A similar observation has been made by 
LLINAS and WALTON (1977). They compared the behaviour of the contralateral 
eye with that of a saturated DC-amplifier. However , the difference with the 
present observations is that the DC-amplifier in their experiment desaturated 
within a short period, whereas in this study no desaturation was seen within 6 
months . This directs our attention to the interesting phenomenon of vestibu-
lar compensat ion. The observed persistence of asymmetry in tonic eye 
deviat ions, postural reflexes and swimming disability has also been descri-
bed by T'ANG and wu (1936) in the albino rat and by BAARSMA and COLLEWIJN 
(1975a) in the rabbit. 
Vestibular compensat ion has been attributed to the olivo-cerebellar system 
by LLINAS and WALTON (1977) on account of the decompensat ing effect of 
3-acetylpyridin (Chapter III) . The fact that the symmetry of otolith reflexes 
fails to restore , whereas the symmetry of the canal reflexes restores within a 
short period, may infer that the mechanism of vestibular compensat ion is not 
so effective in compensat ing static reflexes as it is in compensat ing dynamic 
reflexes. To put it in other words : the dynamic (canal) reflexes may show 
more plasticity (ROBINSON, 1975) than static (otolith) reflexes. It is tempting to 
speculate that the option of feedback involved in cerebellar motor control is 
responsible for this difference, since it is predominantly involved in dynamic 
reflexes. 
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CHAPTER VI 
VESTIBULAR MORPHOLOGY AND PHYSIOLOGY 
OF MANGANESE-DEFICIENT RATS 
I. INTRODUCTION 
In the first generation of rats kept on a manganese-deficient diet no abnormal 
animals were observed. Obvious abnormalities were found in the second 
generation. Gross abnormalities were observed in the majority of the young 
rats (Fig. 37), many of which died within a few days. The severity of defects 
varied even among littermates. 25 Animals of this generation survived and 
could be followed. Some of them showed considerable growth retardation. 
AH tne animals of the second generation were assessed on behaviour as well 
as on semicircular canal and otolith function. A number of animals was 
randomly assigned for dissection and microscopical studies. 
A second trial was carried out in order to study the effect of manganese 
suppletion at various periods during gestation. However, no clear behaviou-
ral abnormalities were observed in the unsuppleted animals of the second 
generation. 
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Fig. 37a, h Variability of expression of manganese-deficiency among littermates (a) and 
asymmetrical posture (b). (a) The right animal showed considerable developmental retardation 
and ataxia, (b) Asymmetrical posture (flexion on the left and extension on the right side). The 
head is tilted to the left. This animal showed circling to the left. 
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Fig. 38 Case no. 18. Backcircling during swimming. This animal had a normal postrotatory 
response and no otoconia. 
11. ANATOMY 
The labyrinths of all animals, except one, of the second generation which 
were selected for morphological studies revealed defects. Although no ab-
normalities were found in the gross anatomy as observed in whole mount 
specimens, the otolith membrane of the sacculus, which in normal animals 
can be recognized as a white spot after removal of the stapes, could not be 
localized in the behaviourally defective animals. Light microscopical exami-
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Fig. 39 Micrograph of macula sacculi of Mn-deficient animal lacking otoconia. The gelatinous 
layer of the otolithic membrane with the "accessory membrane' (arrow) are clearly visible, (x 
120, Toluidin blue) 
Fig. 40 SEM of macula sacculi of Mn-deficient animal lacking otoconia. The gelatinous layer 
shows many holes, c: cilia of sensory cells, (x 2500) 
Si 
nation showed normal maculae covered with an otolith membrane although 
without otoconia (Fig.39). Also the appendix of this membrane, connecting 
the saccular macula with the roof of the sacculus, was present. With PAS and 
alcian blue no difference in staining intensity of the otolith membranes was 
observed in comparison with normal animals. With the scanning electron 
microscope the surface of the otolith membrane revealed the same solid 
substance as observed in control animals (Fig.40). With this technique the 
otolith membrane appeared to contain many holes, which are likely due to 
shrinkage. These holes are also present in normal animals, but usually not 
visible, because they are covered by the otoconia. Also the transmission 
Fig. 41 ТЕМ of macula utriculi of Mn-deficient rat lacking otoconia. 
D and L: dense and loose zone of gelatinous layer; C; cilia of sensory cells; S: sensory cells and 
supporting cells of the macular epithelium. The spherical structures protruding from the epithe­
lium are fixation artifacts, (x 1600) 
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Fig. 42α, /) SEM of macula sacculi of a rat raised on a Mn-deficient diet without behavioural 
abnormalities. The otoliths appeared to be composed of spiculae, reminiscent of the skeleton of 
a sponge, (a) χ 160), (b) χ 5000 
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electronmicrographs of the otolith membrane failed to show any difference 
with the normal structure. The same two-layered structure was found to be 
present (Fig.41). The structure of the cristae and maculae failed to show any 
difference with the control animals as could be concluded from both light and 
electronmicroscopical studies. 
From the second group of animals, fed with a manganese-deficient diet, in 
which no behavioural abnormalities were observed, 37 animals were studied 
morphologically. Microscopical examination established in 35 animals nor-
mal otoconia. However in two cases, studied with the scanning electron 
microscope, abnormal otoconia were found as illustrated in Fig.42. They 
were spherically shaped, missed the facetted ends and appeared to be com-
posed of spiculae reminiscent of the skeleton of a sponge. These specimens 
were further processed for light microscopical examination by decalcifica-
tion in EDTA and embedding in glycol methylcrylate. In these sections no 
remnants of the formerly observed otoconia were found. 
III. PHYSIOLOGY 
I. Behavioural observations 
1.1. Posture and gait 
Some animals exhibited an asymmetrical posture in which the head was 
continuously tilted to one side or the other (Fig.37,b). Head tilting was seen in 
9 animals. In most cases it was limited and never exceeded 45°. Sometimes 
spontaneous head retraction was observed in which the animal displayed a 
typical upright position seated on the hindlegs. 
The same typical sleeping attitude as observed in bilabyrinthectomized ani-
mals was seen in manganese-deficient animals. 
When lifted by the tail the animals lacked the normal reaction with extension 
of the neck and forelegs ('Sprungbereitschaft'), but displayed flexion of the 
neck and forelegs. 
The gait was disturbed in two animals, both performing counterclockwise 
circling movements with the head tilted downward to the left (Fig.37,b). 
These features were not unlike those of animals after left hemilabyrinthec-
tomy, where the gait abnormality was seen immediately after swimming. 
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1.2. Swimming behaviour 
Swimming behaviour was clearly disturbed in 16 animals. In some animals, if 
gently placed into the water, initially no movement at all occurred. They lay 
calmly in the water, the head above the surface. When urged to move about, 
the swimming disturbance became manifest. The same was true if the animal 
was dropped into the water. Most animals, however, even if undisturbed, 
exhibited considerable difficulty in maintaining a normal upright position and 
eventually became severely disorientated and panicked. They swam in al-
most any direction, often undergoing tortuous spiralling or backcircling, 
probably because of the retracted position of the head (underwater circlets, 
see Fig.38). 
Sometimes severe listing was shown and surface circling in this particular 
position. Some animals exhibited much instability and sometimes went un-
derwater but seldom to the bottom of the aquarium. When pushed down they 
often resurfaced quickly but in doing so they often retracted the head so far 
that they went underwater again. A number of these animals paddled despe-
rately with their forelegs to maintain a vertical position, which resulted in a 
bobbing movement. N 
Furthermore, we observed rats exhibiting some instability as, for example, 
wobbling from side to side and only briefly going underwater. They easily 
surfaced after being forcibly submerged. The more severely affected rats 
failed to right themselves. They had to be prevented from drowning. 
Thus, obviously, the animals were affected in a variable way. However, the 
individual pattern of swimming disturbance appeared to be highly reprodu-
cible, which was shown by repeating the swimming test after periods, varying 
from hours to months. 
The animals with swimming disability often temporarily displayed, imme-
diately after the swimming test, when placed on a solid surface, an exaggera-
ted form of ataxia, head tilting, rolling or circling movements. 
1.3. Behaviour during weightlessness 
The manganese-deficient animals observed during weightlessness (No. 16, 
18 in Table 3) showed disoriented behaviour with head retraction, spiralling 
and back-circling, but not as vigorously as in swimming. The impression was 
gained that most movements resulted from touching the walls of the observa-
tion cage. 
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2. The semicircular canals 
In all but 1 animal (23), in which-technical problems accounted for the lack of 
assessment of the canal function, it was established that normal per- and 
postrotatory reactions were present on stimulation of the horizontal semicir-
cular canals. From Figs.43-45, showing examples of responses to rotatory 
stimulation, it is clear that normal canal function was present. In all the cases, 
in which response diagrams could be constructed (e.g. Fig.45), a normal 
Fig. 43 Case no. 18. Normal postrotatory 
reaction after 150o/sec rotation to the left. (No 
otoconia, defective swimming, no tonic eye 
deviations). 
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Fig 45a, b Case no 4 Sinusoidal acceleration response (a) and cupulogram (b) showing 
normal canal function (No otoconia, defective swimming, no tonic eye deviations) 
stimulus-response relationship was found. In practice, cupulometry is a 
delicate technique which does not succeed when the signals are too much 
disturbed. The same is true for the evaluation of the sinusoidal oscillation 
response. Malfunctioning annular-sliding contacts and insufficient alerting of 
87 
the animals were some of the main sources of signal deterionation. Never-
theless, in the majority of the cases with signal disturbance the presence or 
absence of responses could be reliably established. 
By using an alternative method, keeping the animal in the observer's hands 
(which is adequately alerting), it was qualitatively established that vivid 
nystagmic responses occurred in manganese-deficient animals. The torsional 
nystagmus resulting from stimulating the vertical canals could be observed 
with this latter method. Both types of nystagmus were elicited in two defi-
cient animals (16, 18), submitted to Coriolis stimulation. 
3. The otolith organs 
Twenty-four animals were submitted to the lateral tilt experiment. Eight 
animals were evaluated on responses in the pitch experiment. In 16 animals 
tonic vertical eye deviations in the lateral positions were absent. 
In 7 out of 8 cases evaluated on counterrolling, the response was lacking. In 
these 7 cases, the vertical eye deviations were also absent. In the one case 
with positive counterrolling, the vertical eye deviations were present too. 
During weightlessness and g-load no eye deviations whatsoever were obser-
ved in deficient animals (16, 18). 
IV CASE RFPORTS 
CASE l Head normal position, Gait normal 
Shimming defective, underwater circling 
Canal responsei normal 
Verla al eye deviations absent 
CASE 2 Head considerable tilt to the right, Gait normal 
Swimming defective spinning around the cephalocaudal axis in a clockwise direction 
Canal responses normal, though inconsistent with much signal disturbance 
Vertical eye deviations absent 
CASb-3 Head normal position, Gait normal (some stiffness of legs) 
Swimming normal 
Canal responses normal with clear-cut response diagrams 
Vertical eye deviation'! normal. 
CASE 4 Head normal position. Gait normal 
Swimming defective, listing to the left and underwater circling 
Canal responses normal 
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Vertical eye deviations: absent 
Counterrolling: absent 
Light microscopy: normal canals; absent utricular and saccular otoconia 
Otitis media of right ear. 
CASE-5. Head: normal position; Gait: normal 
Swimming: defective, sometimes listing to the left, otherwise underwater circling; afterwards 
circling to the left on the floor, the head tilted to the left 
Canal responses: normal with normal oscillatory response diagram but cupulogram unreliable 
because of signal disturbance in this particular experiment 
Vertical eye deviations: absent 
Counterrolling: absent 
SEM: no saccular otoconia on right side 
ТЕМ: absent utricular and saccular otoconia; normal sensory epithelium of maculae and cristae 
on left side. 
CASF.-6. Head: normal position; Gait: normal 
Swimming: normal 
Canal responses: present though inconsistent and with much signal disturbance 
Vertical eye deviations: normal. 
Case 
CASE-7. Head: normal position; Gait: normal 
Swimming: normal 
Canal responses: present, sometimes suppressed and with much signal disturbance 
Vertical eye deviations: normal. 
CASE-8 Head: normal position; Gait: normal 
Swimming: normal 
Canal responses: normal 
Vertical eye deviations: normal. 
CASE-9 Head: tilted somewhat to the left; Gait: normal 
Swimming: defective, alternatingly listing to the left and right, and underwater circling 
Canal responses: normal, though sometimes suppressed response to oscillatory stimulation; no 
postrotatory responses at all were observed 
Vertical eye deviations: absent. 
CASE-IO. Head: normal position: Gait: normal 
Swimming: defective, underwater circling 
Canal responses: normal (very noisy signal) 
Vertical eye deviations: absent. 
CASE-u.Head: tilted to the left; Gait: circling counterclockwise (to the left) 
Swimming: defective, counterclockwise circling underwater in left lateral position 
Canal responses: peculiar; predominance for nystagmus to the right during oscillatory stimula­
tion, and only postrotatory nystagmus to the right, constituting a normal cupulogram for this 
direction. 
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Vertical eye deviations: absent. 
CASE-12 Head: tilted to the left; Gait: capable of normal gait straight ahead, however, when 
attempting to avoid an obstacle, predominantly turning to the left 
Swimming: defective, underwater circling on back and left side 
Canal responses: present, though difficult to evaluate because of signal disturbance 
Vertical eye deviations: absent. 
CASE-B Head: normal position; Gait: normal 
Swimming: defective, underwater circling and spiralling, sometimes swimming on the left or the 
right side; circling in both directions on floor afterwards 
Canal responses: normal 
Vertical eye deviations: absent 
Counterrolling: absent 
SEM: no saccular otoconia on both sides. 
CASE-H Head: normal position; Gait: normal 
Swimming: defective, underwater and surface circling 
Canal responses: present, though much obscured by artifacts, probably also suppressed 
Vertical eye deviations: absent. 
CASE-IS. Head: tilted to the right; Gait- normal 
Swimming: defective, circling and spiralling underwater 
Canal responses: normal 
Vertical eye deviations: absent 
CASE-16 Head: somewhat tilted to the left; Gait: normal 
Swimming: defective, underwater circling and spiralling counterclockwise with respect to the 
long body axis; comparable behaviour in weightlessness; afterwards counterclockwise rolling 
over and over on the floor. 
Canal responses: normal with normal response diagrams (cupulogram unreliable because of 
noisy signal); vivid horizontal and torsional nystagmus in the Coriolis experiment 
Vertical eye deviations: absent under normal conditions and g-load 
Counterrolling: absent under normal conditions and g-load. 
CASE-17 Head: normal position; Gait: normal 
Swimming: defective, surface and underwater circling on the left side 
Canal responses: faintly present, though much disturbed 
Vertical eye deviations: absent 
Counterrolling: absent 
SEM: the otoconial membrane of the right saccule was absent (other saccule not available) 
Otitis media on both sides. 
CASE-18 Head: slightly tilted to the right?; Gait: normal 
Swimming: defective, underwater circling in alternating lateral positions; a moment during 
backcircling is shown in Fig.38. Comparable behaviour was shown in weightlessness. 
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Canal responses normal (cupulogram unreliable because of noise) Vivid honrontdl and torsio 
nal nystagmus during Conohsstimulation 
Vertical eye deviations absent under normal conditions, during g load and during weightless 
ness 
Counterrolling absent under normal conditions, during g-load and during weightlessness 
ТЕМ absent utricular and saccular otoconia, normal sensory epithelium of maculae and cnstae 
on both sides 
Ν В Slitlike pupil of left eye 
CASb 19 Head normal position, Gait normal 
Swimming normal 
Canal responses normal with normal response diagrams 
Vertical eye deviations normal 
CASE 20 Head normal position, Gait normal 
Swimming normal 
Canal responses normal (cupulogram unreliable because of suppression effects) 
Vertical eye deviations normal 
CASE 21 Head normal position, Gait normal 
5и imming normal 
Canal responses normal with normal response diagrams 
Vertical eye deviations normal 
Counterrolling normal 
SEM and light microscopy normal canals and otoconia 
CASE 22 Head normal position. Gait normal 
SHimmtng normal 
Canal responses normal (cupulogram unreliable because of signal disturbance) 
Vertical e\e deviations normal 
CASE 23 Head tilted to the left, Gait normal 
SHimming defective, surface and underwater circling 
Canal responses signal too noisy for reliable interpretation 
Vertical eye deviations absent 
CASE 24 Head normal position. Gait normal 
Swimming normal 
Canal responses normal (response diagram for oscilllatory stimulation unreliable because of 
signal disturbance) 
Vertical eye deviations not available 
CASE 25 Head tilted to the right. Gait normal 
Swimming defective, underwater circling Afterwards transiently rolling over and over in 
clockwise direction 
Canal responses normal 
Vertical eye deviations absent 
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Counterrollini;: absent 
SEM: absent saccular otoconia on left side 
ТЕМ: absent utricular and saccular otoconia; normal sensory epithelium of maculae and cristae 
on right side. 
V. SYNOPSIS OF RESULTS 
Table 3 is a compilation of the results obtained by various methods, descri­
bed in detail in the case reports. All 9 animals with tilted head displayed 
abnormal swimming behaviour, absence of vertical eye deviations and also 
absent counterrolling in the 3 cases available. The association between head 
tilt and swimming behaviour is significant (Table 4, Fisher's exact probability 
F = 0.006). 
Abnormal gait was only observed in two animals with (leftward) tilted head 
and consisted of circling in the direction of head tilt. 
Circling or rolling on the floor in a particular direction was observed in 
several cases immediately after swimming. In two animals ( 16, 25) the 
direction of rolling agreed with the direction of head tilt. In one animal (5) that 
initially did not show head tilt, the circling to the left on the floor immediately 
after swimming was accompanied by head tilt to the left. Another animal (13), 
that did not show head tilt, showed circling on the floor after swimming. 
Altogether, the pattern of gait abnormality, whether or not elicited by the 
disturbing stimulus of swimming, seems to be related to the feature of head 
tilt. 
In all cases of head tilt and gait disturbance tonic eye deviations were lacking 
and swimming was defective. The absence of vertical eye deviations and 
counterrolling was always associated with defective swimming behaviour. 
On the other hand, normal eye deviations occurred only in animals with 
normal swimming performance. 
Obviously, there is a significant ('full') association between the results of the 
swimming test and the results of the lateral tilt and pitch experiment. 
Of 6 cases with absent vertical eye deviations, absent counterrolling and 
defective swimming, otoconia were lacking. In the normally behaving ani­
mal, morphological investigation showed the presence of normal utricular 
and saccular otoconia. 
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Table 4: Head tilt by swimming behaviour 
head tilt 
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no 
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7 
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VI. DISCUSSION 
The present study demonstrates that the expression of manganese-deficien-
cy in the offspring of rats raised on a manganese-deficient diet is not uniform, 
not even among littermates. This confirms the observations made by HURLEY 
and THERiAULT-BELL (1974) and HURLEY (1976C). The very low concentration 
of manganese in the diet used seems to be close to the minimal need of the rat, 
as can be concluded from the absence of any observable effect in the animals 
of the first generation as well as in the animals of the second generation of the 
second group. The absence of any behaviourally disturbed animal in this 
second group is hard to explain, because the diet and the housing conditions 
were strictly kept the same as during raising the first group of animals. The 
only possible explanation must be an external, additional source of mangane-
se, perhaps the bedding material which originated from a new stock. 
Apart from a general retardation in growth of the animals of the second 
generation of the first group, the atactic behaviour, although varying in 
degree, was quite conspicuous. This agrees with the studies referred to in 
Chapter I. The morphological studies of the labyrinth revealed no abnorma-
lities in the gross anatomy of the bony capsules of the semicircular canals 
such as reported by ASLING et al. (1960), HURLEY (1967) and SHRADER and 
EVERSON (1967). Furthermore, it must be noted that the confluence of part of 
the bony arches of the horizontal and the posterior vertical canal close to the 
utricle, attributed to manganese-deficiency by ASLING and HURLEY (1963), is a 
normal finding in normal rats as described in Chapter V. The labyrinthine 
defects appeared to be limited to a complete absence of otoconia in both 
saccule and utricle, as has been also described for other animal species in 
comparable experiments (Chapter I). The remaining part of the otolith mem-
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brane, the gelatinous layer, failed to show any difference as compared to that 
in the normal animal with the morphological and histochemical techniques 
used. The appearance of the gelatinous layer observed with SEM is not 
different from that reported by SMITH and TANAKA (1975) in normal animals 
after removal of the otoconia. Moreover, no difference in histochemical 
staining properties of the gelatinous layer was found between normal and the 
manganese-deficient animals described by SHRADER et al. (1973). These ob-
servations are interesting because according to LIM (1973) the organic com-
ponent of the otolith, being a glycoprotein (RAMBOURG, 1971), is identical to 
the gelatinous matrix, and a normal matrix is a prerequisite for the formation 
of otoconia. Furthermore, the essential role of the organic matrix for the 
calcification of otoliths has also been suggested by SALAMAT et al. (1980). 
However, it must be noted that the methods used in the present study do not 
allow to draw final conclusions on the character and the concentration of the 
glycoproteins in the gelatinous matrix, nor on their role in the formation of 
otoconia. Only meticulous biochemical analyses can learn us about the exact 
composition of the matrix. 
An indication that the character of the glycoproteins of the otolith membrane 
might differ among normal and manganese-deficient animals can be derived 
from the observations made by SHRADER et al. (1973). They established with 
autoradiography a considerably lowered 3SS incorporation into the otolith 
membrane of manganese-deficient and pallid mice. This observation fits in 
with the reduced incorporation of 35S into the glycoproteins of the epiphyseal 
cartilage of the manganese-deficient rat reported by HURLEY et al., (1968). 
These findings together with the data obtained from biochemical studies, 
demonstrating that skeletal abnormalities in manganese-deficient animals 
must be attributed to a generalized abnormal glycoprotein synthesis resulting 
in defective skeletal calcification (LEACH, 1976), might suggest that otolith 
calcification is inhibited in a comparable way (SHRADER et al., 1973). 
In contrast to the skeletal calcification, which can be affected with varying 
severity, the otoconia in the manganese-deficient animals of the first group in 
the present study were either completely normal or absent. Although in the 
second group of rats fed with a manganese-deficient diet, no behavioural 
abnormalities were observed and the majority of otoliths studied was normal, 
it seems attractive to consider the anomalous otoconia observed with the 
scanning electron microscope in two animals as an effect of some interme-
diate form of manganese deficiency. In these animals the otoconia, missing 
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the smooth surface of normal otoconia and resembling the calcareous skele-
ton of a sponge, can be thought to be formed in* an anomalous way because of 
a slightly aberrant organic matrix. 
According to the observations that the labyrinthine defects of rats exhibiting 
behavioural abnormalities were confined to the lack of otoconia, the abnor-
mal behaviour must likely be attributed to the absence of the inertial mass in 
the otolith organs. The presence of this mass is a prerequisite for the normal 
perception of linear accelerations, including gravity. The integrity of the 
canal-ocular reflexes confirms the morphological findings, which reveal no 
defects of the ampullary structures. 
The occurrence of defective righting and swimming, as well as of head 
retraction, head tilt and asymmetrical posture, agree with the results repor-
ted in comparable studies (Chapter I), although head tremor (HURLEY et al., 
1958; 1961) was never found. In addition, it is shown that defective swimming 
behaviour is fully correlated with the lack of tonic eye reflexes. 
Apart from the swimming test, variable types of righting tests have been the 
basis of studies of righting behaviour in manganese-deficient animals, HURLEY 
and EVERSON (1959) showed that, during postnatal development, deficient rats 
(after considerable delay) first learn to right themselves in the turn-over test 
(turning from back to feet within a certain amount of time), and subsequently 
to right themselves during falling in the air. However, they never learn to 
right themselves in water and they fail to swim in a normal way (HURLEY, 
1968). Therefore, the swimming test can be assumed to be the most critical 
righting test. The correlation between the absence of only otoconia and the 
inability to swim fits in with the results obtained in manganese-deficient mice 
by HURLEY et al. (1968). 
The analysis of the role of vestibular function in swimming behaviour has 
been attempted in various ways. Defective swimming has been reported for a 
variety of lesions in various species. As shown in the previous chapter, 
bilabyrinthectomized rats are unable to swim. As early as 1929, QUIX reported 
swimming disability in congenitally deaf mutes. However, the paradigm of 
complete lack of vestibular function does not contribute to the resolution of 
the question what parts of the vestibular organ are essential for righting 
reflexes in general and swimming in particular. Historically, centrifugation of 
animals, in an attempt to remove the otoconia from the otolith membrane, 
was the first approach for the selective abolishment of otolith reflexes 
(Chapter II). PARKER et al. (1968) reported defective swimming in guinea pigs 
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after centrifugation. These authors, however, emphasized that the lesion of 
the otolith organs often is incomplete and variable with this method. Fur-
thermore, the reports on dislocated otoconia, often found in the ampullae 
and, if attached to the cupula probably associated with positioning nystag-
mus (HASEGAWA, 1931; PARKER et al., 1968), not to speak about local bleeding, 
indicate that the centrifugation method is troublesome and hazardous. 
Another approach to elucidate the role of the separate parts of the labyrinth 
has been the study of labyrinthine-defective mutants such as dancing mice, 
pallid mice and waltzing guinea pigs, shown to be unable to swim (QUIX, 1907; 
LYON, 1951; DEOL, 1956; GRÜNEBERG, 1956; ERNSTSON, 1971). However, the 
problem with hereditary labyrinthine defects is that, apart from the otolith 
organs, the semicircular canals can also be abnormal, as was shown for 
instance by ERNSTSON (1971) in the waltzing guinea pig. On the other hand it 
has been shown (DEOL, 1966) that in congenital inner ear defects the borderli-
ne between normal and abnormal parts is usually situated between utriculus 
and sacculus. In the so-called cochleo-saccular degenerations (SCHUKNECHT 
et al., 1965) it is the inferior part of the labyrinth that is involved. This means 
that only one of the otolith organs is defective. Furthermore, the question 
remains whether the lesion of those parts which are involved is complete. 
Such lesions may be interesting in their own right, but we may state that, as 
far as the study of separate otolith and canal functions and their possible 
interactions are concerned, experimental models such as used in this study, 
i.e. animals only lacking otoconia, seem to be superior. 
From the present study it appears that the specific lack of graviceptive 
function is as incapacitating for righting and swimming as the complete lack 
of vestibular function. Therefore, the conclusion seems justified that in this 
respect the canal system proper is useless, although the question remains 
whether, apart from the vestibular system, other sensory systems may con-
tribute to righting and swimming. The visual system, shown to contribute to 
righting in higher mammals displaying 'optische Stellreflexe' (MAGNUS, 1924), 
probably does not contribute to the performance of underwater swimming in 
deaf mutes and deaf cats as shown by QUIX (1929). The lack of'Sprungbereit-
schaft' observed in otolith-defective rats and also in pallid mice (LYON, 1951), 
may indicate that rodents even lack 'optische Stellreflexe'. The somatosen-
sory system, which is obviously involved in righting, is virtually eliminated 
underwater. From these considerations, the only remaining possibility seems 
to be that swimming underwater is mainly governed by vestibular reflexes. 
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In general, it can be stated that any destabilization Opposition requires proper 
counteraction in the form of prompt righting in order to maintain equilibrium. 
The canals play a role in dynamic (prompt) balancing, which in view of the 
sluggishness of otolith reflexes (Chapter V) may have even special importan-
ce. This view is supported by our observations on eye reflexes. The otolith-
defective animal, lacking the (static) position reflexes of the eyes, does show 
the normal (dynamic) positioning reflexes of the eyes, originating from the 
canals. When a normal animal changes the position of the head such reflexes 
will help to rapidly attain the new eye position determined by the otolith 
system. The contribution of the canal system to (dynamic) righting will be 
inadequate in the absence of the spatial orientation mechanism, which is 
provided by the graviceptive part of the labyrinth. As it were, the animal does 
have 'turning reflexes', but it does not feel to what position it must turn. 
Another possibility may be that the animal has the wrong feeling of what 
position to attain, OOSTERVELD and GREVEN (1975) reported that blindfolded 
pigeons during weightlessness, which physiologically deafferentiates the 
otolith organs and excludes propriocepsis, show inside looping flight with the 
head bent back (backward tumbling). This is reminiscent of our observation 
on backward circling of animals lacking otoconia under comparable condi-
tions of absent propriocepsis underwater. To explain the backward tumbling 
phenomenon, the authors suggest that the birds may have the illusion of 
tumbling forward and therefore react with tumbling backward. This seems 
analogous to the feeling of forward tumbling in human subjects during para-
bolic flight, causing a reverse reaction (GRAYBIEL and KELLOGG, 1966). 
In conclusion, the experimental model presented in this study provides the 
opportunity to investigate the contribution of the otolith organs to spatial 
orientation and behavioural performance. Furthermore, this model allows 
the analysis of the delicate interplay of canal and otolith reflexes. Finally, the 
interference of manganese deficiency with otoconial formation during em-
bryogenesis can contribute to the understanding of the processes involved in 
the formation of the otolith membrane. 
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SUMMARY 
Since the discovery, about 40 years ago, that low manganese concentrations 
in the materaal diet can lead to congenital 'ataxia' in the offspring, mangane-
se deficiency has been the subject of many investigations. While it was found 
in the late sixties that the atactic animals lack otoconia, the older reports are 
mainly confined to the abnormality of the semicircular canals. Since studies 
of canal function have not been performed in defective animals, it has not 
been established whether the absence of otoconia is the only vestibular lesion 
involved in the 'ataxia' observed in these animals. Furthermore, the charac-
ter of the 'ataxia' has not been sufficiently evaluated. 
The purpose of the present study was to establish the nature of the vestibular 
lesion(s) induced by manganese deficiency with the use of a variety of 
morphological and physiological methods. 
The albino rat, which has been studied before in manganese deficiency, was 
selected as experimental animal. Methods for evaluating the gross morpho-
logy of the vestibular labyrinth as well as light microscopical and electronmi-
croscopical methods were used for studying normal and behaviourally de-
fective rats. The vestibular physiology was studied by means of observations 
on canal responses (nystagmus) and on posture, gait and swimming ability. 
Furthermore, the static reflexes of the eyes originating from the otolith 
organs were studied under the conditions of normal gravity, lateral tilt and 
pitch, weightlessness, g-load and horizontal periodic linear accelerations. 
Unilateral and bilateral labyrinthectomy were used to assess the physiologi-
cal effects of these lesions. 
The morphology of the various components of the vestibular labyrinth of the 
rat appeared to be similar to those found in other mammalian species. The 
stimulus threshold and time constant of the horizontal semicircular canal 
system were established. The time constant appeared to be short which is 
likely related to the frequency of natural head movements in this species. 
Adaptation and visual suppression of the vestibulo-ocular reflex are lacking 
in the albino rat. Under the condition of sudden onset of weightlessness it was 
seen that the eye from an initially vertically shifted position returned in a 
remarkably slow way to the primary position. This is explained as a manife-
station of the slugeishness of otolith rp.flexe«:. 
After hemilabynnthectomy the asymmetry of the (dynamic) canal-ocular 
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reflex appeared to be soon restored, but the (static) otolith reflexes never 
fully restored. The permanence of asymmetry in static equilibrium was clear 
from the persistence of tonic vertical eye deviations, especially of the con-
tralateral eye (also in the normal prone position), and rolling to the defective 
side in water after hemilabyrinthectomy. The hypothesis was made that in 
vestibular compensation, dynamic reflexes will be restored with more suc-
cess than static reflexes. 
The expression of manganese deficiency in the offspring of rats raised on a 
manganese-deficient diet was not uniform, not even among littermates. In a 
first trial many of the newborn rats of the second generation showed growth 
retardation and atactic behaviour. Twenty-five animals could be followed 
and were used for vestibular studies. Sixteen of them showed behavioural 
abnormalities, consisting of swimming inability and the lack of tonic eye 
deviations, but they had normal canal responses. Of the behaviourally defec-
tive animals which were examined morphologically, the sole defect found 
was the lack of all otoconia in the otolith organs. The swimming disability of 
such rats was strikingly similar to that of bilabyrinthectomized rats. From 
these observations it is concluded that the canal system proper is of little use 
for effective righting in general and swimming in particular, although it 
cannot be excluded that canal reflexes are involved in dynamic righting. This 
appeared from the presence of rapid eye reflexes (nystagmus) on sudden 
change of position in otolith-defective animals. Nevertheless, it is concluded 
that in the absence of the spatial orientation governed by the graviceptive 
part of the labyrinth, righting (in the absence of somatosensory function) is 
unsuccessful. 
In a second trial no behavioural abnormalities were found in the animals of 
two subsequent generations. Most of the labyrinths used for morphological 
examination appeared to be normal, but in two animals scanning electron 
microscopy revealed otoconia of an unusual structure resembling the calca-
reous skeleton of a sponge. This may be attributed to an anomalous forma-
tion of the organic component of the otolith. 
Summarizing, manganese deficiency can induce a specific vestibular lesion 
in which the otoconia of the otolith membrane are lacking, but the rest is 
normally present. This results in a complete absence of static equilibrium. 
This experimental model can be assumed to be very useful for exploring 
otolith reflexes and canal-otolith interaction as well as for the study of the 
formation of otoconia. 
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SAMENVATTING 
Sinds de ontdekking, ongeveer 40 jaar geleden, dat een tekort aan mangaan in 
het voedsel van de moeder kan leiden tot aangeboren 'ataxie' van de nako-
melingen, is mangaan deficiëntie het onderwerp geweest van vele onderzoe-
kingen. Terwijl in de jaren zestig ontdekt werd dat de atactische dieren de 
otoconiën in de sacculus en utriculus missen, vermelden eerdere studies 
slechts afwijkingen aan de halfcirkelvormige kanalen. Omdat de kanaalfunc-
tie nooit bestudeerd is bij afwijkende dieren, is het onzeker of het ontbreken 
van de otoconiën als enige oorzaak voor de, bij dergelijke dieren waargeno-
men, 'ataxie' in aanmerking komt. Bovendien is de aard van deze 'ataxie' 
onvoldoende nagegaan. 
Het doel van deze studie was de aard van de vestibulaire afwijking(en), die 
teweeg gebracht worden door mangaangebrek, nauwkeurig vast te stellen 
met behulp van een aantal morfologische en fysiologische onderzoekmetho-
den. 
De albino rat, waarbij reeds eerder het effect van mangaan deficiëntie is 
bestudeerd, werd gekozen als proefdier. De labyrinten van normale dieren en 
van dieren met een gedragsafwijking werden onderzocht met behulp van 
licht- en electronenmicroscopische technieken. 
De vestibulaire fysiologie werd bestudeerd aan de hand van kanaalreacties 
(nystagmus), van de houding, de gang en het zwemgedrag. Verder werden de 
statische oogreflexen, die afkomstig zijn van de otolithen, bestudeerd bij 
normale zwaartekracht, bij verschillende hellingshoeken, bij gewichtsloos-
heid, bij versnellingsbelasting en bij horizontale periodieke rechtlijnige ver-
snellingen. Enkel- en dubbelzijdige uitschakeling van het gehele labyrint 
werd toegepast om een indruk te verkrijgen van het fysiologisch effect van 
deze lesies. 
De anatomie van de verschillende onderdelen van het vestibulaire labyrinth 
van de rat vertoonde grote overeenkomst met die beschreven bij andere 
zoogdieren. 
De drempelwaarde en tijdsconstante van het horizontale kanalensysteem 
werden bepaald. De tijdsconstante heeft een bijzonder lage waarde, wat in 
verband gebracht wordt met het frequentiebereik van de natuurlijke hoofd-
bewegingen. 
De verschijnselen van adaptatie en visuele suppressie van de vestibulo-ocu-
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laire reflex bleken bij de albino rat te ontbreken. Bij het plotseling wegvallen 
van de zwaartekracht werd duidelijk dat het oog vanuit een excentrische 
positie, die vooraf in een bepaalde stand van het dier was aangenomen, 
opmerkelijk langzaam terugkeerde naar de normale ruststand. Dit wordt 
opgevat als een teken van de relatieve traagheid van de otolith reflexen. Na 
éénzijdige labyrinthuitval bleek de asymmetrie van de (dynamische) kanaal-
reflexen op het oog (nystagmus) spoedig te verdwijnen. Daarentegen, en dit 
was zeer opmerkelijk, bleek de verstoring van de (statische) otolith reflexen 
van blijvende aard te zijn. Het permanente karakter van de asymmetrie in 
statisch evenwicht bleek duidelijk uit de blijvende afwijking van de stand van 
beide ogen in verticale richting, vooral van het contralaterale oog en uit het 
blijvend optreden van afwijkend zwemgedrag. Dit manifesteerde zich door 
rondtollen in de richting van de geopereerde zijde. Op grond van deze 
bevindingen wordt de hypothese opgesteld dat dynamische reflexen bij ves-
tibulaire compensatie beter herstellen dan statische reflexen. 
Het effect van mangaan deficiëntie bij de nakomelingen van dieren die 
gevoed werden met een mangaanarm dieet bleek sterk wisselend te zijn, 
zelfs binnen één worp. Bij een eerste proevenreeks bleven veel van de 
pasgeboren jongen van de tweede generatie duidelijk achter in groei en 
vertoonden 'ataxie'. Vijfentwintig dieren konden worden gevolgd en werden 
gebruikt voor vestibulair onderzoek. Zestien van hen vertoonden afwijkend 
zwemgedrag terwijl de tonische oogreflexen ontbraken. Ze hadden allen 
normale kanaalfuncties. Bij morfologisch onderzoek bleek het ontbreken van 
zowel de sacculaire als de utriculaire otoconiën de enige waarneembare 
afwijking te zijn. Het zwemgedrag van de dieren zonder otoconiën vertoonde 
een opmerkelijke overeenkomst met dat van de dieren met een dubbelzijdige 
labyrint-uitval. Hieruit wordt de gevolgtrekking gemaakt, dat het kanaal-
systeem op zichzelf van weinig nut is voor Oprichtingsreflexen' in het 
algemeen en voor zwemmen in het bijzonder, hoewel niet ontkend kan 
worden dat de kanalen betrokken zijn bij het dynamische Oprichtingsge-
drag' . Dit wordt vooral duidelijk door de aanwezigheid van snelle oogbewe-
gingen (nystagmus) bij plotselinge standsveranderingen bij dieren zonder 
otoconiën. Desalniettemin komen we tot de slotsom dat het dier in afwezig-
heid van de absolute ruimtelijke oriëntatie, die gewoonlijk door de otolithen 
wordt verzorgd, en door het wegvallen van de dieptesensibiliteit (onder 
water) er niet in slaagt om zich op de normale wijze op te richten en een 
normale stand in te nemen. 
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Bij een tweede proevenreeks werden in beide generaties geen gedragsafwij-
kingen gezien. De meeste labyrinten die morfologisch werden onderzocht 
bleken normaal, doch bij twee dieren bracht de scanning-electronenmicro-
scopie een afwijkende bouw van de otoconiën aan het licht. In plaats van de 
normale regelmatige vorm werd hier een sponsachtig 'skelet' gezien. Dit kan 
wellicht worden toegeschreven aan een afwijkende aanleg van het organisch 
bestanddeel van de otoconiën. 
Samenvattend kan gezegd worden, dat mangaan deficiëntie een specifieke 
vestibulaire lesie teweeg kan brengen, waarbij alleen de otoconiën ontbre-
ken, doch de rest van de otolithenmembraan normaal aanwezig is. Deze 
afwijking resulteert in het volledig ontbreken van de statische even wichtszin. 
Dit experimentele model kan zeer bruikbaar zijn voor het bestuderen van 
otolith-reflexen en de interactie van kanaal- en otolith-reacties. Tevens kan 
het van nut zijn voor het bestuderen van de manier waarop de otoconiën 
worden gevormd. 
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STELLINGEN 
I. Electronystagmografíe is niet geschikt om, bij stimulatie met de paral-
lelschommel, compensatiebewegingen van het oog aan te tonen. 
Dit proefschrift 
II. Het niet functioneren van de otolith-organen kan bij zwemmen levens-
gevaarlijk zijn. 
Du proefschrift 
III. De albino-rat kent geen fixatie-suppressie van de vestibulaire nystag-
mus. Dit kan in verband gebracht worden met het ontbreken van een 
optokinetische respons. 
Du proefschrift 
IV. Om een zo goed mogelijke schatting van het verschil in calorische 
prikkelbaarheid tussen beide labyrinthen te verkrijgen, is ijking voor-
afgaande aan iedere spoeling vereist. 
V. Patiënten met een congenitale fixatienystagmus kunnen door het ver-
schijnsel van optokinetische inversie de verkeersveiligheid ernstig in 
gevaar brengen. 
VI. Bij onbegrepen duizeligheidsklachten van tijdelijke aard behoort aan de 
mogelijkheid van multipele sclerose gedacht te worden. 
VII. Bij de differentiële diagnostiek van multipele sclerose kan oculovesti-
bulair onderzoek van doorslaggevende betekenis zijn. 
VIII. Het carcinoom van de nasopharynx is in het Westen een zeldzaam 
voorkomende tumor. Het is waarschijnlijk dat beroepsfactoren bij het 
ontstaan ervan een belangrijke rol kunnen spelen. 
IX. Bij de beoordeling van de resultaten van de behandeling van het 
larynxcarcinoom moet met de leeftijd van de patiënt rekening worden 
gehouden. 
Huvgen, Ρ L M, Broek, Ρ van den and I Kazem 
Om Otolaryngol 5 129-137(1980) 

X. Bij een ruimte-innemend proces in de brughoek dient de mogelijkheid 
van een métastase te worden overwogen. 
XI. Patiënten met onbegrepen slikklachten en/ of erosief stenoserende af-
wijkingen in de oesofagus behoren gericht te worden onderzocht op een 
elders op of in het lichaam voorkomende bulleuze aandoening. 
XII. Ondanks de beschikbaarheid van zeer geavanceerde technieken voor 
oculo-vestibulair onderzoek blijft de Frenzel-bril een onmisbaar in-
strument. 
Stellingen behorende bij het proefschrift van A. J.E.M. Fischer 
12 december 1980 


